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Abstract 
In order to analyze and increase the performance of a top fuel dragster, a dynamic 
model of the car was developed in this thesis. The drag racing car is moving mainly in a 
rectilinear/one dimensional mode, nevertheless, a five-degree-of-freedom model was 
needed to properly capture its dynamic behavior. This is a 2D model of the car dynamics 
in the vertical plane. Longitudinal, vertical, and pitching chassis motions were 
considered, as well as drive-train dynamics. The aerodynamics of the car, the engine 
characteristics, and the force due to the combustion gases were incorporated in the model. 
Further, the rear tires deflection due to the torque and the vertical load was included 
in the analysis, considering the effect of the angular speed on it. Also, a simplified model 
of the traction characteristics of the rear tires was developed. With this model, the 
traction is calculated as a function of the slip ratio and the speed. 
Since the diameter of the dragster rear tires is not constant, but increases with the 
angular speed, the angular momentum equation was considered. This leads to deriving an 
equivalent mass moment of inertia of the rear tires. This moment of inertia is a function 
of the angular speed. The model not only considered the instantaneous radius of the tires, 
but the rate of deformation was also taken into consideration. In this manner, the torque 
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applied to the rear tires, and the angular acceleration produced on them, were related by 
the simple torque-angular acceleration equation of rigid body dynamics. 
The complete model to analyze the dynamic of the vehicle involves a set of 
nonlinear, coupled differential equations of motion, which were numerically integrated 
using a digital computer. Several simulation runs were made to investigate the effects of 
the aerodynamics, and the engine initial torque in the performance of the car. The 
simulation results show that the model captured to a significant degree the dynamic 
behavior of the dragster. They also suggest that a reduction in the elapsed time during a 
race can be possible under appropriate conditions. 
The proposed dynamic model of the dragster can be used to improve the 
aerodynamics, the engine and clutch set-ups of the car, and to possibly facilitate the 
redesign of the dragster. This model can be adapted to perform analyses of other types of 
drag racing vehicles, such as pro-stock cars and motorcycles. Used in conjunction with 
accurate and more complete data available to racing teams, the model can be quite useful 
in improving the performance of current top fuel dragsters and "funny" cars. 
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Chapter 1 
Introduction 
In this thesis a nonlinear dynamic model of a drag racing car is developed. Specifically, 
the car analyzed is the one called a top fuel dragster. This car is capable of travelling the 
quarter mile from a stand still in less than 4.5 seconds, reaching a final speed in excess of 
330 miles per hour. The average power delivered by its engine is above of 7000 
horsepower. 
In this chapter, the drag racing is briefly described, as well as the top fuel dragster 
and its main components. A review of related literature is presented, and the organization 
of the thesis is described. 
1.1 Drag racing 
Drag racing is a form of motorsports in which two cars compete against each other in a 
straight track. The cars accelerate from a standing start and the car which reaches the 
finish line first wins the race. Usually the distance traveled is 1320 ft (quarter mile), but 
this value can be changed by the sanctioning body. The main sanctioning body in USA is 
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the National Hot Rod Association (NHRA). The NHRA championship consists of 23 
events held along the year and across the country. 
Each event consists of a qualifying session and an elimination session. There are four 
races in the qualifying session. At the end of this session, just 16 cars enter the 
elimination session. These cars are ordered according to their best time during qualifying. 
In the elimination session, the car with the best time competes against the car with the 
worst time; the car with the second best time competes against the car with the second 
worst time, etc. The car that reaches the finish line first wins and passes to the next round, 
and the other car is eliminated. In the next round, from the remaining eight cars, four pass 
to the next round and four are eliminated. From the four cars that enter the next round, 
two pass to the final and two are eliminated. The car that wins the final round is the 
winner of the event. 
All the tracks used for drag racing have a series of lights near the starting line and a 
series of light beams along the track, as well as a timing device. A description of these 
features follows [19]. 
Starting lights: A series of lights mounted on a pole, commonly called "Christmas tree", 
is placed near the starting line, in front of the drivers. These lights inform the driver about 
its position with respect to the starting line, and the time when the race is going to start. 
The lights on the "tree" are, from top to bottom, the pre-stage lights, the stage lights, the 
amber lights, the green light, and the red light, as shown in Figure 1.1. 
"Christmas Tree" Lights 
Pre-stage lights 
• •«2# 
Stage lights 
Three Amber 
Starting System 
lights 
Green light 
Red light 
02004 ModernRacer.com 
Figure 1.1 The starting lights, commonly called "Christmas tree" [18]. 
Pre-stage beam and lights: When the car is driven to the starting line, the front tires cut 
a light beam, the pre-stage beam, which is located several inches before the staring line. 
At the same time, the pre-stage lights on the "Christmas tree" turn on, and are the first 
indication to the driver that the starting line is close. 
Stage beam and lights: Approximately seven inches ahead of the pre-stage beam is 
located a second light beam, the stage beam. When the front tires cut this beam, the stage 
lights on the "tree" turn on, and indicate the driver that the starting line is closer. 
Amber lights: When the stage lights for both cars turn on, the cars are ready to race. The 
official man sends a signal and the three amber lights on the "tree" turn on during 0.4 
seconds. Since it takes to the driver some time to react to the lights, and it takes to the car 
some time to transmit power to the tires, as soon as the amber lights turn on, the drivers 
must release the brakes and hit the accelerator to the bottom. 
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Green light: This light turns on immediately after the amber lights turn off. After this 
time, the front tires of the car can cross the starting line. This happen when the front tires 
move forward and the stage beam is unobstructed. At this moment the time for that car 
starts to be recorded. The time from when the green light turns on to when the car crosses 
the starting line is called reaction time. Common reaction time values are between 0.05 to 
0.1 seconds. A perfect reaction time is 0.0 seconds. Lower reaction times give the drivers 
more possibilities of winning races. 
Red light: If the car crosses the starting line before the green light turns on, the red light 
turns on and that car is disqualified. 
Light beams along the track: In order to monitor the performance of the cars, several 
light beams are located along the track for both lanes at 60, 330, 660, 1000, and 1320 ft 
(the finish line); all positions measured from the starting line. When the front tires cut 
these beams, the corresponding time is recorded. The time from the starting line to the 
finish line is called the elapsed time. 
Speed traps: The speed of the cars is measured at the middle of the track and at the finish 
line. Two additional light beams, located 66 ft before the 660 and the 1320 ft light beams 
are used to this purpose. The time needed to travel this 66 ft distance is obtained and the 
average speed is calculated. 
Finish lights: Two large boards, one for each lane, are located at the end of the track. 
When the cars cross the finish line, their respective elapsed time and final speed are 
displayed on the boards. 
1.2 The top fuel dragster 
The fastest and quickest car in drag racing is the top fuel dragster. Figure 1.2 shows a 
side and top view of a top fuel dragster. This car is capable of reaching a final speed 
above 330 mph, and traveling the quarter mile in less than 4.5 s. The total weight of the 
car, including driver and fuel was 2225 lb at the end of the run for the 2006 season. A 
description of its main components follows [1,6, 60, 66]. 
Chassis and body: The chassis is made of alloy steel tubes, and the body parts are made 
of magnesium and carbon fiber. Its wheelbase is 25 ft (300 in). Figure 1.3 shows a CAD 
representation of the chassis of a top fuel dragster. 
^ E ^ 
Figure 1.2 A top fuel dragster [49]. 
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Figure 1.3 The chassis of a top fuel dragster [7]. 
Tires: The front tires are small and narrow, with a diameter of 22 in (see Figure 1.4). The 
rear tires are large and wide, with a diameter of 36 in and a tread width of 17.8 in. The 
tread is smooth, and this is the reason why these tires are called "slicks". Due to the large 
contact area with the ground, the inflation pressure of the rear tires is too low, 
approximately seven psi [50]. Figure 1.5 shows a dragster rear tire. 
Figure 1.4 The dragster front tires. 
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Figure 1.5 The dragster rear tires [60]. 
Wings: All modern top fuel dragsters are equipped with two inverted wings. A large 
three elements [50] rear wing is used to enhance the grip at the rear tires, producing a 
very large down force, approximately 6500 lb at the end of the race [22]. Since this wing 
is located behind and above of the rear tires, its drag and down forces produce a moment 
about the rear axle. A smaller single element [50] wing located in the front end of the car 
is used to counteract this moment, producing a down force of approximately 1800 to 
2000 lb at high speed [1, 47], and keeping the front tires in contact with the ground. The 
two wings can be appreciated in Figure 1.6 showing a dragster near the starting line. 
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Figure 1.6 The dragster front and rear wings [58]. 
Engine: The top fuel dragster uses a 500 cubic inches (8.2 liters), V8, supercharged 
engine, and the fuel used is nitromethane. The estimated average power delivered by this 
engine is approximately 7000-8000 hp. To save weight, many engine parts are made from 
aluminum alloys, such as the monoblock, rods, pistons, and cylinder heads. The 
crankshaft is made of steel. Engine idle speed is approximately 2000-2500 rpm, and 
operating speed is in the range of 6000-8000 rpm, with a regulated maximum speed of 
8400 rpm. 
Clutch: At the beginning of a race, the driver hit the accelerator to the bottom, and the 
engine speed reaches 8000 rpm in about 0.15 seconds [22]. Since no transmission is 
allowed for these cars [50], the clutch must slide while rear tires are increasing their 
speed, until both input and output shafts of the clutch have the same speed. This occurs 
when the car has traveled approximately 2/3 of the track. The clutch consists of five discs 
which engaged with four steel floater plates (see Figure 1.7). The discs and the floaters 
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are arranged in an alternating way, and the pressure between them is produced by the 
action of several levers. These levers are mounted on the end plate of the clutch, as can it 
be seen at the front in Figure 1.7. Each lever has a counterweight, and when the engine 
speed increases they rotate about their pivots due to the centrifugal effect, pushing with 
their other end the discs against the floaters. The activation of the levers is controlled by a 
sliding bearing, whose movement through the clutch shaft is programmed according to 
the clutch set up. The levers are releasing sequentially as the bearing is sliding away of 
the clutch. Since the length of the levers is not the same, the shortest levers are released 
first and the largest levers at the end. 
Figure 1.7 The clutch assembly [60]. 
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Rear axle: The torque from the output shaft of the clutch is transmitted to the rear axle 
through a final drive with a gear ratio of 3.20. Since no suspension is allowed for this 
type of cars, the rear axle is attached directly to the chassis. Figure 1.8 shows a current 
rear axle and its mounting on the chassis. The final drive housing, the mounting plates 
and the brakes can be seen in the figure. 
Figure 1.8 The rear axle. 
1.3 Literature review 
There are few published documents on dragsters. Pershing [56] analyzed the performance 
of a dragster during its quarter mile run. The run is divided in two phases: performance 
limited by traction, and performance limited by power. The effect of aerodynamic drag is 
analyzed and is assumed that aerodynamic lift is zero. Vertical and angular (pitching) 
11 
equilibrium is assumed, and a simple model for traction is used. Hawks and Sayre [29] 
made essentially the same assumptions as Pershing, but included the aerodynamic lift in 
the analysis of the car performance in straight-line motion. They found that the 
aerodynamic down-force is beneficial for races dominated by the traction limited phase. 
Katz [31] proposed an aerodynamic device to reduce the wheel stand (blow over) 
phenomenon that often occurred in top fuel dragster races. Winn, Kohlman and Kenner 
[73, 74] proposed some modifications to improve the aerodynamics of these cars in 
general, and rear wing in particular. Buratti [12] carried out a computational fluid 
dynamics (CFD) analysis of the rear wing and proposed modifications to the end plates to 
improve its aerodynamic characteristics. 
Weir and Zellner [71] analyzed the performance, stability, and handling of a top fuel 
drag motorcycle, but the dynamic model used is not shown. Wiers and Dhingra [72] 
analyzed the rear suspension of the motorcycle and proposed an anti-squat mechanism to 
improve the traction force at launching. 
Hallum [26] made an attempt to explain the high acceleration that a top fuel dragster 
develops, and made available important recorded data related to rear tires behavior. 
McKinney and Metz [39] presented a three-degree-of-freedom model of a top fuel 
dragster involving the longitudinal, vertical, and pitching chassis motion. No drive-train 
dynamics and engine characteristics were considered, and no attempt to solve the 
equations of motion was made, since the paper was meant to discuss the possibility of 
using ground-effects to produce the required down-force. 
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Recently, Spanos, Hernandez and Tapia [65] presented a five-degree-of-freedom 
model of the top fuel dragster. This model considers the longitudinal, vertical and 
pitching chassis motions, including the drive-train dynamics. Special attention is devoted 
to the analysis of the rear tires behavior. Due to the diameter increment induced by the 
angular speed, the vertical stiffness and the mass moment of inertia of these tires is 
variable. These effects were incorporated in the dynamic model, as well as a simple 
model to calculate the traction as a function of the slip ratio and the speed. The numerical 
results were consistent with available experimental data. 
In his book, Sakkis [60] describes in detail all the components of a top fuel dragster 
and their operation. Bamsey [6] and an anonymous author [66] provided considerable 
information about the dragster and its components, especially about the engine. Spilman 
[67] focused on lubrication problems that appear on this type of cars. 
1.4 Organization of the thesis 
The introduction to this work has already been done in this chapter. The rest of the thesis 
is organized as follows. In Chapter 2 an analysis of recorded race data is presented. 
Several interpolation and approximation schemes are used, and their results are 
compared. A dynamic model of the dragster is presented in Chapter 3. The equations of 
motion of the vehicle, as well as the engine characteristics, the exhaust and the ram forces 
are addressed therein. In Chapter 4, the aerodynamics of the components of the vehicle, 
i.e., the body, front and rear tires, and front and rear wings is covered. In Chapter 5, the 
dynamic vertical stiffness of the rear tires is considered, and a model is developed to 
estimate the traction characteristics of these tires. In Chapter 6, a model to calculate the 
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variable mass moment of inertia of the rear tires is developed. The dynamic model of the 
dragster and the models of their components were implemented in MATLAB, and the 
results of the associated simulations are presented in Chapter 7. Remarks and options for 
future work are presented in Chapter 8. 
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Chapter 2 
Race Data Analysis 
In this chapter recorded data from actual races are analyzed. These data consist of time 
measurements at specific positions along the track, as well as middle and final speed. 
Estimation of speed and acceleration at every time from these data is critical since engine 
power depends on both parameters, and forces depend on acceleration. Four interpolation 
methods and least squares approximation are used to conduct the analysis. 
2.1 Cubic splines interpolation 
During a drag race, the times corresponding to 0, 60, 330, 660, 1000 and 1320 ft, as well 
as the speeds at 660 ft and 1320 ft are recorded for both cars; note however that in 
practice the speeds at 660 ft and 1320 ft are estimated by monitoring the times 
corresponding to 594 ft and 660 ft; and to 1254 ft and 1320 ft. With an adequate 
interpolation scheme, these data can be used to estimate distance, speed and acceleration 
as a function of time. Cubic splines are often used for this task [34], and interpolation 
subroutines based on them are readily available in commercial software such as 
MATLAB. 
15 
Table 2.1 shows the results of a typical drag race, recorded in Houston Texas in 
2005. This race will be designated as "Race 1". Assuming that at the beginning of the 
race the speed is zero, cubic splines interpolation can be used to interpolate distance, with 
initial and final slopes corresponding to initial and final speeds. Figures 2.1, 2.2 and 2.3 
show the graphs corresponding to distance, speed and acceleration. Speed and 
acceleration are obtained by differentiation with respect to time of the cubic spline 
function used to interpolate distance. A drawback of this interpolation method is that 
middle speed is not taken into account. This fact will be commented later. 
d(ft) 
t(s) 
v (mph) 
0 
0 
-
60 
0.842 
-
330 
2.142 
-
660 
3.058 
280.66 
1000 
3.831 
-
1320 
4.500 
334.15 
Table 2.1 Data recorded during a typical race. 
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Figure 2.1 Cubic splines interpolation (line) of distance data (Q) for a typical race. Zero initial speed is 
assumed. 
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350 
Figure 2.2 Speed data (D) for a typical race and speed curve obtained by cubic splines interpolation of 
distance data. Zero initial speed is assumed. 
Figure 2.3 Acceleration curve obtained by cubic splines interpolation of distance data for a typical race. 
Zero initial speed is assumed. 
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Distance and speed curves are appealing and smooth, but the acceleration curve 
shows a strange behavior: a high initial value followed by a pronounced decrement, an 
increment to another peak value and finally a continuous decrement to a minimum value 
at the end of the race. Since the second derivative of a cubic function is a linear one, the 
acceleration is approximated by linear segments between data points. It seems that linear 
functions are not a good choice to approximate acceleration, especially when Figure 2.3 
is compared to Figure 2.4. This figure shows the acceleration curve of a top fuel dragster, 
recorded during a race held in 1994. After launching, the acceleration is almost constant 
with a value just above 4 g. In the last part of the race, the acceleration is decreasing to a 
value less than 1 g at the end of the race. 
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Figure 2.4 Top fuel dragster acceleration recorded in 1994 [26]. 
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Since the initial acceleration shown in Figure 2.3 is too high, reaching a value above 
6 g, the zero initial speed assumption was investigated. As was described in Chapter 1, 
there are two light beams at the starting line: the pre-stage and the stage beams, separated 
between them by approximately seven inches. When the front tires of the car break the 
first light, the car is near its starting position. The driver advances the car until the front 
tires break the stage beam. At this point, the car is ready to race (see Figure 2.5). 
Considering that near the front tires the minimum distance to the ground for any part of 
the car is three inches [50], the height h was given a value of one and a half inches. The 
current front tire diameter is 22 inches, which gives a distance x of approximately 11 
inches. This is the distance the car needs to advance to unblock the stage beam. When 
this occurs, a signal is sent to the timing system to start recording the time, and the car is 
at the starting line (7 = 0, d = 0). 
The value of 11 inches for x coincides with the estimated distance observed in 
NHRA videos where the staging process is shown [49]. Assuming that the car advances 
one inch due to the driver's reaction time to the staging light, a 10 inches (0.833 ft) value 
was adopted here for the staging position behind the starting line. 
stage 
beam 
ground 
Figure 2.5 The front tire just breaking the stage light beam. 
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Given the condition described above, when the car reaches the starting line (d = 0 at 
t = 0), its initial speed is not zero. According to Fig. 2.4, the acceleration at launching is 
varying almost linearly, which means that distance is varying in a cubic fashion. This has 
been verified observing videos frame by frame showing the launching of these cars. 
These videos also show that the time required to cross the starting line is between 0.20 
and 0.15 seconds [49]. Taking this into account, an initial speed of 9.26 mph was 
estimated for the data presented in Table 2.1. The corresponding acceleration curve is 
shown in Figure 2.6. The high initial value was reduced to 4.6 g, but the curve presents 
the same shape as that obtained previously (Fig. 2.3). This fact raises the question about 
the appropriateness of representing the acceleration by linear segments, and is the 
motivation to try polynomials to interpolate race data. 
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Figure 2.6 Acceleration curve obtained by cubic splines interpolation of distance data for a typical race. 
The initial speed was estimated as 9.26 mph. 
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2.2 Polynomial interpolation 
Recorded data for a race include 6 data points for distance (0, 60, 330, 660, 1000 and 
1320 ft) and 2 for speed (middle and final). Considering also the estimated initial speed, 
this gives nine data points, and therefore an 8l degree polynomial can be used to 
interpolate distance versus time. The equation for distance as a function of time is 
d = C/ + C / + C / + C/ + C/ + C/ + C2t2 + Qt + C0. (2.1) 
Evaluating Eq. (2.1) at t = 0 leads to 
0 = CM + C7(0)7 + C6(0)6 + C5(0)5 + C4(0)4 + C3(0)3 + C2(0)2 + C,(0)+ C0, (2.2) 
which yields 
Co = 0. (2.3) 
If t\, t2, h, U and ts denote the times corresponding to 60, 330, 660, 1000 and 1320 ft, 
respectively, substituting them into Eq. (2.1) leads to 
60 = C/, + C,t] + C6t\ + C5tl + C4t* + Ctf + C2t] + Q , , (2.4) 
330 = C/2 + C/2 + C/2 + C/2 + C/2 + C/2 + C2t\ + Q 2 , (2.5) 
660 = C%t\ + Cnt\ + C/3 + C5t\ + C/3 + C/3 + C2t\ + Q3, (2.6) 
1000 = C/4 + C7t74 + C/4 + C/4 + C/4 + C/4 + C2t] + Q 4 , (2.7) 
and 
1320 = C/s + C/5 + C/5 + C/5 + C/5 + C/5 + C2t] + Q 5 . (2.8) 
The speed is, taking the time derivative of Eq. (2.1), 
v = 8 C / + 7 C / + 6 C / + 5C/ + 4C/ + 3C/ + 2C2t + C,. (2.9) 
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Substituting the initial speed into Eq. (2.9) yields 
v0 = 8C8 (0)7 + 7C7 (0)6 + 6C6 (0)5 + 5C5 (O)4 + 4C4 (0)3 + 3C (0)2 + 2C2 (0) + C,, (2.10) 
which implies that 
C,=v0 . (2.11) 
Substituting middle and final speed and Eq. (2.11) into Eq. (2.9) leads to 
vm = 8Q37 + 1C/Z + 6C/3 + 5C5t* + ACAt] + 3C/; + 2C2t3 + v0, (2.12) 
and 
vf = SC/5 + 7Cf5 + 6C/5 + 5C/5 + 4C/5 + 7>C/; + 2C2t5 + v0. (2.13) 
Eqs. (2.4)-(2.8), (2.12) and (2.13) can be solved simultaneously for coefficients C8, C7, 
The acceleration is given by, differentiating Eq. (2.9) with respect to time, 
a = 5 6 C / + 42C/ + 30C/ + 2 0 C / + 12C4/2 + 6C2t + 2C2. (2.14) 
Consider the data presented in Table 2.1 ("Race 1") with the estimation of initial 
speed included, as shown in Table 2.2. 
d(ft) 
t(s) 
v (mph) 
0 
0 
9.26 
60 
0.842 
-
330 
2.142 
-
660 
3.058 
280.66 
1000 
3.831 
-
1320 
4.500 
334.15 
Table 2.2 Data recorded during a typical race. Initial speed estimation included. 
Figure 2.7 shows the acceleration curves for this race, considering the initial speed 
estimation. Dotted line is the acceleration obtained by cubic splines interpolation of 
distance. As was mentioned earlier, initial and final speeds are taken into account, but not 
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middle speed. Solid line is the acceleration obtained interpolating distance versus time 
with the 8th degree polynomial. In this case, middle speed is considered in the 
interpolation. As it can be seen, both curves are similar. 
2 2.5 
Time (s) 
Figure 2.7 Acceleration curves obtained by cubic splines (dotted line) and polynomial (solid line) 
interpolations of distance data for a typical race. 
Table 2.3 shows recorded data for a race held in Pomona California in 1999, with 
initial speed estimated as described above. This race will be designated as "Race 2". 
d(ft) 
t(s) 
v (mph) 
0 
0 
9.26 
60 
0.829 
-
330 
2.092 
-
660 
3.017 
271.13 
1000 
3.805 
-
1320 
4.503 
312.35 
Table 2.3 Data recorded in a race held in Pomona California in 1999. 
23 
Acceleration curves are shown in Figure 2.8. As it can be seen, the acceleration obtained 
by polynomial interpolation oscillates excessively, giving an initial acceleration of 
approximately 10 g, beyond the dragster capacity. Unfortunately, this oscillating behavior 
of high degree polynomials is an inherent characteristic associated with them. Motivated 
by this undesirable behavior, the polynomial interpolation was split in two parts: one 
corresponding to the first half of the track, and the other corresponding to the last half of 
it. The idea to interpolate the data in two parts is due to the fact that it seems that the 
acceleration curve is smooth for the last part of the track. Thus, different characteristics 
are needed by the two polynomials used in the interpolation. 
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Figure 2.8 Acceleration curves obtained by cubic splines (dotted line) and polynomial (solid line) 
interpolations of distance data for "Race 2". 
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2.3 Split polynomial interpolation 
In this interpolation scheme two polynomials are used. The first one is a 5l degree 
polynomial, and the second one is a 4th degree polynomial. For the first part of the track 
(from 0 to 660 ft), the equation for distance is 
d = C/ + C/ + C/ + C2t2 + Q + C0, (2.15) 
which evaluated at t - 0 yields 
C0 = 0. (2.16) 
Substituting known values of distance in Eq. (2.15) leads to 
60 = Cstf + C4t" + Q,3 + C/- + C,/,, (2.17) 
330 = C/2 + C/2 + C/2 + C2t\ + Cxt2, (2.18) 
and 
660 = C/3 + C4/34 + C/2 + C2t\ + Q 3 . (2.19) 
The speed is, taking the time derivative of Eq. (2.15), 
v = 5C/ + AC/ + 3Cf + 2C2t + C,. (2.20) 
Evaluation of Eq. (2.20) at t = 0 yields 
C,=v0 . (2.21) 
Evaluating Eq. (2.20) at the middle of the track and using Eq. (2.21) leads to 
vM = 5C/3 + 4C/3 + 3C/; + 2 Q 3 + v0. (2.22) 
Eqs. (2.17)-(2.19) and (2.22) can be solved simultaneously for coefficients C5, C4, 
C3 andC2. Taking the time derivative of Eq. (2.20), the acceleration is 
25 
a = 20C/ + 1 2 C / +6C3t + 2C2. (2.23) 
For the last part of the track (660 to 1320 ft), the equation for distance is 
d = D/+D/ + D2t2 + D,t + D0. (2.24) 
Substituting the known distances in Eq. (2.24) yields 
660 = D/3 + D3t] + D2t\ + D,f3 + D0, (2.25) 
1000 = Djl + D/4 + D2t\ + DJ4 + D0, (2.26) 
and 
1320 = D/5 + D/5 + D/s + ZV5 + D0. (2.27) 
The speed is, differentiating Eq. (2.24) with respect to time, 
v = 4D/+3D/'+2D2t + D,. (2.28) 
Substituting middle and final speeds in Eq. (2.28) as well as the corresponding times 
leads to 
vm = 4Zty33 + 3D3t23 + 2D2t3 + £>,, (2.29) 
and 
V/ = 4D/5 + 3D/5 + 2D2t5 + Dj. (2.30) 
Eqs. (2.25)-(2.27), (2.29) and (2.30) can be solved simultaneously for coefficients 
Z)4, D3, D2, £), and D0. The acceleration is, by differentiation of Eq. (2.28) with 
respect to time, 
a = l2D/+6D3t + 2D2. (2.31) 
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Figure 2.9 shows the acceleration curve obtained with this approach applied to the 
"Race 1" data, comparing it again with that obtained by cubic splines interpolation. As it 
can be seen, the split polynomial solution is similar to that obtained using one polynomial 
for this race (Fig. 2.7), but less oscillation is observed in the last part of the curve. But 
now a discontinuity appears in the acceleration at 660 ft. This is due to the fact that no 
acceleration condition is enforced for this point. 
Figure 2.10 shows the results for the "Race 2" data. Much of the oscillations seen in 
the original polynomial interpolation for this race (Fig. 2.8) have been removed, but the 
discontinuity at 660 ft is too big in this case. 
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Figure 2.9 Acceleration curves obtained by cubic splines (dotted line) and split polynomial (solid line) 
interpolations of distance data for "Race 1". 
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Figure 2.10 Acceleration curves obtained by cubic splines (dotted line) and split polynomial (solid line) 
interpolations of distance data for "Race 2". 
At this point it is important to point out a detail about middle and final speed. These 
speeds are measured in the following way. An additional sensor is located 66 ft before the 
660 ft mark and other 66 ft before the 1320 ft mark, allowing recording the time to travel 
this distance, and middle and final speeds are calculated simply as 
66 
v_. = -
and 
A/ 
66 
(2.32) 
(2.33) 
These are average speeds, and are an approximation to middle and final speeds, because 
the acceleration is not zero during the time interval. Since in general the acceleration is 
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positive, these average speeds are lower than actual middle and final speeds, leading to an 
underestimation of that speeds. Often the acceleration at the end of the race is negative, 
and in these cases the result can be an overestimation of final speed. 
It is possible to estimate the actual middle and final speeds using cubic splines 
interpolation in an iterative way. Starting with the recorded final speed value, the 
interpolation is made and the average speed in the last 66 ft track interval is calculated. 
This average speed is compared to the recorded final speed. According to the result the 
final speed is adjusted and the interpolation is again made. This process continues until 
the average value of the speed in this track interval is the same than recorded (also 
average) final speed. Middle speed estimation is simply the speed value at 660 ft after the 
iterative process. 
Using this approach it is estimated that a correction of 4.51 mph and -1.17 mph to 
recorded middle and final speeds, respectively, is necessary for "Race 2" data. Results 
using the corrected values are shown in Figure 2.11 for cubic splines and split polynomial 
interpolations. In the case of middle speed an additional correction is required. This is 
made to eliminate the discontinuity in the acceleration obtained by split polynomial 
interpolation, resulting in a total correction of 5 mph, close to the first estimated value of 
4.51 mph. Figure 2.12 shows that correcting middle and final speed values also 
eliminates the oscillations of the 8th degree polynomial (Fig. 2.8), resulting in a good 
acceleration curve. 
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Figure 2.11 Acceleration curves obtained by cubic splines (dotted line) and split polynomial (solid line) 
interpolations of distance data for "Race 2". Middle and final speeds corrected. 
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Figure 2.12 Acceleration curves obtained by split polynomial (dotted line) and polynomial (solid line) 
interpolations of distance data for "Race 2". Middle and final speeds corrected. 
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The same analysis was conducted for other race data and the results are similar. For 
example, Table 2.4 shows the recorded data for the quickest-race-ever, which occurred in 
2004. The estimated initial speed is included in the table. Figure 2.13 shows the 
acceleration curves obtained by using the three interpolation methods discussed herein. 
d(ft) 
t(s) 
v (mph) 
0 
0 
9.02 
60 
0.852 
-
330 
2.120 
-
660 
3.004 
283.73 
1000 
3.758 
-
1320 
4.420 
328.22 
Table 2.4 Recorded data for the quickest-race-ever (2004). Estimated initial speed included. 
2 2.5 
Time (s) 
4.5 
Figure 2.13 Acceleration curves obtained by cubic splines (dotted line), polynomial ( 0 ) and split 
polynomial (solid line) interpolations of distance data for the quickest-race-ever. Middle and final speeds as 
recorded. 
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As it can be seen in Figure 2.13, polynomial interpolation produces a too much 
oscillating acceleration curve, while the curve obtained by split polynomial interpolation 
has a big discontinuity at 660 ft. Both problems disappear by correcting middle and final 
speed values by 5.01 and -2.12 mph, respectively, as it is shown in Figure 2.14. In the 
case of the split polynomial interpolation, the slope discontinuity in the acceleration 
curve at 660 ft is not expected to occur; it is just the effect of dividing the interpolation in 
two parts. 
2 2.5 
Time (s) 
Figure 2.14 Acceleration curves obtained by cubic splines (dotted line), polynomial ( 0 ) and split 
polynomial (solid line) interpolations of distance data for the quickest-race-ever. Middle and final speeds 
corrected. 
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2.4 Polynomial interpolation using all distance data points 
In all the three interpolation schemes presented above the recorded speeds, as well as the 
estimated initial speed (at t = 0) were used. Another interpolation scheme can be made 
using all distance data points. In this case the distances considered for the interpolation 
are -0.833, 0, 60, 330, 594, 660, 1000, 1254 and 1320 ft. The first value (-0.833 ft) is the 
approximated staging position of the vehicle behind the starting line, and the values of 
594 and 1254 ft are the positions of the sensors needed to calculate average middle and 
final speeds. These sensors are located 66 ft before the sensors located at 660 and 1320 ft. 
Considering that the speed at the staging position is clearly zero, the total data points are 
ten. Thus a 9th degree polynomial can be used for the interpolation. 
The equation for distance as a function of time is 
d = C/ + C/ + C7f + C/ + Cf + C/ + C/ + C / + Q + C0. (2.34) 
Evaluating Eq. (2.34) at / = 0 ( d = 0) yields 
C0 = 0 . (2.35) 
Let to, t\, t2, h, U, ts, t(>, tj and t% denote the times corresponding to the nine distance points 
listed above, respectively. Substituting them into Eq. (2.34) leads to 
- 0.833 = C/0 + C/0 + C7t70 + C/0 + C/0 + C/0 + C/0 + C2t\ + Ctt0, (2.36) 
60 = C/2 + C/2 + C/2 + C6t2 + C/2 + C/2 + C/2 + C2t\ + Q 2 , (2.37) 
330 = C/3 + Ctt\ + Cnt] + Cbt\ + C/3 + C/3 + C/3 + C2t\ + Q 3 , (2.38) 
594 = C/4 + C/4 + Cnt\ + C/4 + C/4 + C/4 + C/4 + C/4 + Q 4 , (2.39) 
660 = C/5 + C/5 + C/5 + C/5 + C/5 + C/5 + C/5 + C2t] + Q s , (2.40) 
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1000 = C/6 + C/6 + C7t\ + C6tt + C/6 + C/6 + C/6 + C2t\ + Q 6 , (2.41) 
1254 = C/7 + C/7 + C7t] + C/7 + C/7 + C/7 + C/7 + C/7 + Q 7 , (2.42) 
and 
1320 = C/s + C/s + C7t\ + C6tl + Q85 + Cjl + C/& + C2t\ + C/8. (2.43) 
Note that t\ was not included since this would lead to Eq. (2.35). 
The speed is, taking the time derivative of Eq. (2.34), 
v = 9 C / + 8C8f7 + 1C/ + 6C/ + 5C/ + AC/ + 3Cf + 2C2t + C,. (2.44) 
The dragster speed at the staging position is zero. Substituting this speed into Eq. (2.44) 
yields 
0 - 9C/0 + 8C/0 + !C7tl + 6C/0 + 5Q04 + AC/ + 3C/ + 2C2t0 + C,. (2.45) 
The acceleration is obtained differentiating Eq. (2.44) with respect to time, thus 
a = 12C/ + 5 6 C / + 4 2 C / + 3 0 C / + 2 0 Q 3 +12C/ + 6C3t + 2C2. (2.46) 
Eqs. (2.36)-(2.43) and (2.45) can be solved simultaneously for coefficients C9, Q , 
C7, C6, C5, C4, C3, C2 and C,. Figure 2.15 shows the resulting acceleration curve 
applying this interpolation scheme to the data presented in Table 2.5. For reference, the 
curve obtained using cubic splines interpolation is included in the figure. As it can be 
seen, the curve features the same general shape as that obtained using the other 
interpolation schemes. For the last part of the race both curves are very similar. 
d(ft) 
t(s) 
v (mph) 
0 
0 
-
60 
0.841 
-
330 
2.114 
-
660 
3.003 
283.19 
1000 
3.759 
-
1320 
4.428 
327.98 
Table 2.5 Recorded data for the elapsed time national record race (2006). 
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Figure 2.15 Acceleration curves obtained by polynomial interpolation using all distance data points (solid 
line), and cubic splines interpolation (dotted line) for the elapsed time national record race (2006). 
Figure 2.16 shows the resulting acceleration curve for the data presented in Table 
2.6. In this case, the final acceleration obtained with this method is lower than that 
obtained by cubic splines interpolation. 
d(ft) 
t(s) 
v (mph) 
0 
0 
-
60 
0.852 
-
330 
2.120 
-
660 
3.004 
283.73 
1000 
3.758 
-
1320 
4.420 
328.22 
Table 2.6 Recorded data for the quickest-race-ever (2004). 
Figure 2.17 shows the results for the data shown in Table 2.7. As it can be seen, now 
the final acceleration is higher than that obtained by cubic splines interpolation. 
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d(ft) 
t(s) 
v (mph) 
0 
0 
-
60 
0.860 
-
330 
2.206 
-
660 
3.184 
255.87 
1000 
4.015 
-
1320 
4.740 
307.44 
Table 2.7 Recorded data for a typical race. 
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Figure 2.16 Acceleration curves obtained by polynomial interpolation using all distance data points (solid 
line), and cubic splines interpolation (dotted line) for the quickest-race-ever (2004). 
Figure 2.17 Acceleration curves obtained by polynomial interpolation using all distance data points (solid 
line), and cubic splines interpolation (dotted line) for a typical race. 
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It seems that this interpolation method works well for races where the final 
acceleration is small, lower in magnitude than approximately 0.5 g. For higher values of 
final acceleration, the corresponding values obtained with this method are higher in 
magnitude. For races with final negative acceleration this method estimates a higher 
negative acceleration, and for races with final positive acceleration it estimates a higher 
positive acceleration. The problem with this behavior is that these estimated final 
accelerations are unrealistic, and it appears that this effect is due to the fact that no final 
speed is enforced with this method. 
One attempt to solve this problem is enforcing the final speed. Although the recorded 
final speed is an average value, it is possible to estimate the final speed using this 
recorded speed. Evaluating Eq. (2.44) at the end of the track yields 
vf = 9Q88 + &C/S + lC/% + 6C/S + 5Q84 + 4 Q 8 + 3C/S + 2C2t& + C,. (2.47) 
Coefficients Cg trough C\ can be obtained by solving Eqs. (2.36)-(2.41), (2.43), (2.45) 
and (2.47). Eq. (2.42), corresponding to 1254 ft mark is no longer used, and is replaced 
by Eq. (2.47), enforcing final speed with this change. 
Figure 2.18 shows the results applying this modified interpolation scheme to the data 
contained in Table 2.7. The acceleration curves shown in Figure 2.17 are included for 
reference. As it can be seen in the figure, enforcing final speed has the effect of reducing 
the final acceleration value, but not enough to consider this value as a realistic one. Thus, 
the problem is not due to the fact that the final speed is not enforced. It seems that this 
behavior at the end of the race is due to the oscillating characteristic of high degree 
polynomials. Disregarding the last part of the curves, the graphs are nice and smooth, and 
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coincide very well with the graphs obtained by the other interpolation schemes presented 
here. One advantage of incorporating the staging point in the interpolation is that the 
graphs show the acceleration behavior from the staging position to the starting line 
(7 = 0), and show clearly the two peaks in the acceleration curve, which will be 
commented later in Chapter 7. 
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Figure 2.18 Acceleration curves obtained by polynomial interpolation using all distance data points, 
enforcing (solid line) and no enforcing (O) final speed, and cubic splines interpolation (dotted line) for a 
typical race. 
2.5 Least squares approximation 
Another approach to the problem of analyzing race data is using a fitting curve scheme, 
instead of interpolation. For example, the MATLAB function polyfit fits a polynomial of 
degree n to a series of data points minimizing the error in a least squares sense. This 
function was used here to analyze race data and obtain approximated curves for 
acceleration. 
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Figures 2.19 and 2.20 show the acceleration curves obtained by least squares 
approximation applied to the race data contained in Table 2.3. The complete data points 
are shown in Table 2.8. As it is shown in Fig. 2.19, a polynomial of degree three 
produces a linear acceleration curve, while degrees four and five produce a parabolic and 
cubic acceleration curves, respectively. These functions are too simple to represent the 
observed dragster acceleration behavior, and therefore will be disregarded. 
d(ft) 
t(s) 
-0.833 
-0.191 
0 
0 
60 
0.829 
330 
2.092 
594 
2.851 
660 
3.017 
1000 
3.805 
1254 
4.359 
1320 
4.503 
Table 2.8 Complete data points for a race held in Pomona California in 1999. 
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Figure 2.19 Acceleration curves obtained by least squares approximation for a race held in Pomona 
California in 1999, varying the degree of the fitting polynomial: n = 3 (solid line), n = 4 (dotted line), and 
« = 5 (D ) . 
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The acceleration curves for a polynomial of degree six, seven and eight are shown in 
Figure 2.20. The general shape of the curves coincides well with that obtained with the 
interpolation schemes discussed in this chapter. However, the final acceleration is not 
well estimated for n equal to six. 
Figure 2.20 Acceleration curves obtained by least squares approximation for a race held in Pomona 
California in 1999, varying the degree of the fitting polynomial: n = 6 (solid line), n = 7 (D), and n = I 
(0) . Cubic splines interpolation acceleration curve for reference (dotted line). 
Table 2.9 shows the maximum error for each polynomial, as well as corresponding 
initial speed (at d = 0) and final speed. For n equal to six and seven the error is small, and 
is negligible for n equal to eight. The initial speed is slightly overestimated, as well as the 
final speed for n equal to six. 
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n 
6 
7 
8 
Max. 
error (in) 
2.68 
-0.84 
le-10 
Vo 
(mph) 
12.17 
12.45 
11.08 
Vf 
(mph) 
315.04 
311.11 
310.37 
Table 2.9 Fitting error and speeds for a race held in Pomona California in 1999. 
The data points for the elapsed time national record race (Table 2.5) are shown in 
Table 2.10. The maximum error and initial and final speeds are shown in Table 2.11. For 
n equal to six and seven the error is still small, and negligible for n equal to eight. The 
initial speed is slightly overestimated, as well as the final speed for n equal to six. The 
corresponding acceleration curves are presented in Figure 2.21. As it can be seen in the 
figure, also in this case the general shape of the curves coincides well with that obtained 
with the interpolation schemes discussed in this chapter. And again, the final acceleration 
is not well estimated with a 6th degree polynomial. 
d(ft) 
t(s) 
-0.833 
-0.191 
0 
0 
60 
0.841 
330 
2.114 
594 
2.844 
660 
3.003 
1000 
3.759 
1254 
4.291 
1320 
4.428 
Table 2.10 Complete data points for the elapsed time national record race (2006). 
n 
6 
7 
8 
Max. 
error (in) 
3.83 
-0.72 
le-11 _j 
Vo 
(mph) 
12.98 
13.60 
12.15 
Vf 
(mph) 
333.90 
327.73 
327.08 
Table 2.11 Fitting error and speeds for the elapsed time national record race (2006). 
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Figure 2.21 Acceleration curves obtained by least squares approximation for the elapsed time national 
record race (2006), varying the degree of the fitting polynomial: n = 6 (solid line), n = 7 (Q), and n = 8 
(0) . Cubic splines interpolation acceleration curve for reference (dotted line). 
Finally, the race data for the quickest-race-ever (2004) was analyzed. The recorded 
data for this race are shown in Table 2.6. The complete corresponding data points are 
shown in Table 2.12. The maximum error and initial and final speeds are shown in Table 
2.13. In this case the maximum error for a 6th degree polynomial is not small, while for 
the 7th and 8th degree polynomials it remains essentially the same. The initial speeds 
continue to be overestimated, which is the same for the final speed in the case of the 6th 
degree polynomial. Figure 2.22 show the acceleration curves for this race. 
d(ft) 
t(s) 
-0.833 
-0.191 
0 
0 
60 
0.852 
330 
2.120 
594 
2.845 
660 
3.004 
1000 
3.758 
1254 
4.283 
1320 
4.420 
Table 2.12 Complete data points for the quickest-race-ever (2004). 
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c 
o 
2 2 
0) 
u o 
< 
-2 -
« 
6 
7 
8 
Max. 
error (in) 
8.49 
-1.49 
le-10 
v0 
(mph) 
12.98 
13.60 
12.15 
Vf 
(mph) 
333.90 
327.73 
327.08 
Table 2.13 Fitting error and speeds for the quickest-race-ever (2004). 
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Figure 2.22 Acceleration curves obtained by least squares approximation for the quickest-race-ever (2004), 
varying the degree of the fitting polynomial: n = 6 (solid line), n = 7 (D), and n = 8 (O). Cubic splines 
interpolation acceleration curve for reference (dotted line). 
As Figures 2.20-2.22 shown, the acceleration curves obtained by least squares 
approximation follow the general trend of the curves obtained with the interpolation 
schemes presented here. However, these curves do not predict correctly the acceleration 
from the staging position to the starting line (t<0). For the first part of the race 
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(0 < t < 1), the 8th degree polynomial gives better results, and for the last part of the race 
(t > 4.2), the 7th degree polynomial predicts the acceleration in a better way. 
2.6 Concluding remarks 
As has been demonstrated in this chapter, the shape of the acceleration curve is not an 
effect of the method used to interpolate recorded data of actual races. The four 
interpolation and the least squares approximation schemes used here give similar 
acceleration curves. These curves present a high value near the starting line with a 
decreasing trend, and after that they are increasing to a peak value near the 330 ft mark. 
After this point, the curves are decreasing to a minimum value at the end of the track. 
This particular behavior will be discussed again in Chapter 7. 
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Chapter 3 
Dragster Dynamic Model 
In this chapter a dynamic model of the dragster is presented. First, the dynamics of a 
system of particles is briefly reviewed. Then, the equations of motion that model the 
dragster behavior are derived. The engine characteristics, the forces due to the exhaust 
gases and the air entering the supercharger are included in the chapter. In next chapters, 
the complimentary equations needed to integrate the system of differential equations of 
motion are introduced. The aerodynamics of the vehicle is considered in Chapter 4. The 
stiffness and traction characteristics, and the dynamics of the rear tires are treated in 
Chapters 5 and 6. 
3.1 Dynamics of a system of particles 
There are three main components of the dragster moving in the longitudinal vertical 
plane: the front tires assembly, the rear tires assembly and the chassis. The rear tires 
assembly considers the rear tires, the wheels, the disc brakes, the rear axle and the 
differential's gear. The chassis assembly considers the chassis itself, the body, the engine, 
the clutch, the drive shaft (clutch output shaft), the front and rear wings, the fuel and the 
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driver. Both front and rear tires assemblies interact with the chassis assembly, producing 
forces between them. 
One way to analyze the dynamic of the dragster is considering it as a system of 
particles, grouped in the three main assemblies mentioned above. This approach has the 
advantage that no internal forces between the assemblies need to be considered, and the 
equations of motion are easily obtained. Thus, it is important to review some basic 
aspects of the dynamics of a system of particles. The following equations that govern the 
motion of a system of particles are the direct consequence of 2nd and 3rd Newton's Laws 
of motion [8]. 
Consider a system of n particles. The summation of all the external forces acting on 
the system is 
£F,.=j>,a,, P-D 
where F,. is the resultant of the external forces acting on particle z'-th, mi is the mass of 
the particle and a- its acceleration. The term ra.a,. is the effective force acting on the z'-th 
particle, i.e., is the resultant force of all the external and internal forces acting on this 
particle. Eq. (3.1) can also be expressed as 
F = maG, (3.2) 
where F is the resultant of all the external forces acting on the system of particles, m is 
the total mass of the system and ac is the acceleration of the center of mass of the 
system. 
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The angular momentum of the system of particles about a point P is defined as the 
sum of the moments of the linear momentum of each particle [57], i.e., 
H P =X( r i / /> x , " / v . - ) ' (3-3) 
where rilp is the position vector of the i-th particle with respect to P and v; is the speed 
of the particle. The variation of the angular momentum with respect to time is given by 
the time derivative of Eq. (3.3), i.e., 
n n 
HP=YJJUP
 x mi*i)+Zft">x m<v<)' (3-4) 
1=1 i=i 
where upper dot represents differentiation with respect to time. The first term in the right 
hand side of Eq. (3.4) represents the sum of the moments about point P of the effective 
forces acting on the particles. The relative velocity of the z'-th particle with respect to P is 
*UP = v,7P = v / - v / > - ( 3 - 5 ) 
Substituting Eq. (3.5) in the second term of the right hand side of Eq. (3.4) yields 
n n n 
X(r i lP x m^t ) = Tj(vixmiyi)~Z(yp x m i v J ' <3-6) 
/=i i=i 1=1 
which reduces to 
f « \ 
(3.7) 
£(r,7/>xm,.v,.) = - v p x ^m.y 
i=] V i'=l 
since v(. x m,v, = 0. From the definition of the mass center, 
n 
^m.v,. =rav c , (3.8) 
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where vG is the velocity of the mass center of the system. Substituting Eq. (3.8) into Eq. 
(3.7) leads to 
n 
Yj(rupxmivi) = -\pxm\G. (3.9) 
Substituting Eq. (3.9) into Eq. (3.4) yields 
n 
Hp = '£l(ri/pxmpi)-Ypxm\G. (3.10) 
1=1 
If just the motion of the particles relative to point P is considered, the angular 
momentum of the system about P is expressed as [8] 
n 
Hp=X(r-/^xm/v<//')' (3-n) 
1=1 
where \ilp is the relative velocity of the z-th particle with respect to P. The rate of change 
of the angular momentum is obtained by following the same procedure applied to Eq. 
(3.3). Thus, 
n 
H,> = Yj(rnp x m i* i ) - r Gip x m a p ' (3.12) 
i=i 
where rGIP is the position vector of G with respect to P, and ap is the acceleration of 
point P. Both Eqs. (3.10) and (3.12) reduce to 
HP=2>,.^xW,.a,.) (3-13) 
;=i 
when P is a fixed point or is the mass center of the system of particles. 
The effective force m;a(. on each particle is equal to the resultant force acting on it. 
This resultant force includes both external and internal forces acting on the particle. Thus, 
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the summation of the moments about P of the effective forces is equal to the summation 
of the moments of all the forces (external and internal) acting on the system. Since the 
internal forces act always in opposite pairs, they contribute nothing to the resultant 
moment. Hence, 
Mp=X(r//P><F ;) = i;(r,7/)xWia,.), (3.14) 
1=1 ; = i 
where M.p is the resultant moment of the external forces about point P. It should be 
noted that Eq. (3.14) is valid for any fixed or moving point P. The equations (3.13) and 
(3.14) imply that 
M ^ H ^ (3.15) 
only when P is either a fixed point or the mass center of the system. 
If G denotes the center of mass of the system of particles, the position of each 
particle with respect to P can be expressed as 
*UP=rGIP+rilG> ( 3 - 1 6 ) 
where rGIP is the position vector of G with respect to P, and r(7C is the position of the i-
th particle with respect to G. Substituting Eq. (3.16) into Eq. (3.14) yields 
M^=J [ ( r G / , + r , / G )xm,a , ] , (3.17) 
/=i 
which can be expressed as 
n n 
MP = rGIP X Z m ' a i • + ZftvC X mi*i) • (3-18) 
i = l i = l 
Using Eqs. (3.1) and (3.2), Eq. (3.18) can also be expressed as 
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Mp=rG/pxmac + Uc, (3.19) 
where HG is the variation with respect to time of the angular momentum calculated 
about the mass center, and is given by 
H G =X(r ( 7 C xm / a / ) . (3.20) 
/=i 
For a system of particles consisting of A: subsystems, the summation in the right hand 
side of Eq. (3.14) can be separated in a series of summations through each subsystem. 
Each of this summations can be expressed as in Eq. (3.19), i.e., 
k 
MF = 5>G/ / /> X/W^G). +HC,.), (3.21) 
7=1 
where rGjlp is the position with respect to P of the mass center of the j-th subsystem, m-
is the mass of this subsystem, aGj is the acceleration of its mass center, and HG/ is its 
angular momentum variation with respect to time calculated about its mass center. 
For the case of a rigid body in plane motion, H c is given by 
HG=/G<x, (3.22) 
where IG is the mass moment of inertia of the body about G and a is the body angular 
acceleration. Substituting Eq. (3.22) into Eq. (3.19) leads to 
M p = r G / p x / « a c + / c o . (3.23) 
For a system of A: interconnected rigid bodies in plane motion, Eqs. (3.21) and (3.22) 
leads to 
k 
MP=H (rGj/P X mj*G, + ^C/« / ) > ( 3 " 2 4 ) 
7=1 
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where as it was stated previously, P is either a fixed or a moving point. 
3.2 Dragster equations of motion 
In this section the equations of the dragster dynamic model are developed. Figure 3.1 
shows a schematic diagram of the car with the external forces and moments acting on it. 
Here, Fj and Ft denote the resultant of the aerodynamic drag and down-force (negative 
lift) exerted on the whole vehicle, respectively, and Ma is the moment generated by these 
forces with respect to point O (rear tires center). The ram force Fr is due to the air 
entering into the supercharger, and Fe is the force due to the exhaust gases. The total 
weight of the car is W, and N/t and Nrt are the normal forces exerted by the ground on the 
front and rear tires, respectively. The friction force acting on the front tires is F/h and Fx 
is the traction developed by the rear tires. 
Figure 3.1 Dragster free body diagram (dragster drawing taken from Ref. [31]). 
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The system of external forces and moments is equivalent to the system of effective 
forces and moments shown in Figure 3.2. The dragster mass center is denoted by G; point 
C is the chassis mass center, which includes the wings, engine, body, driver, and fuel; and 
points O and A are the centers of the rear and front tires, respectively. The mass and 
moment of inertia of the rear tires assembly are mrt and Irh respectively; mch, Ich, m/t and fy 
are the masses and moments of inertia of the chassis and the front tires assembly, 
respectively. In the case of Irt, it considers the inertia of the rear tires, wheels, disc brakes, 
rear axle and differential's gear. The accelerations of points O, C and A are denoted by 
ao, etc and a A, respectively, andarl, ach and afl are the angular accelerations of the rear 
tires, the chassis and the front tires, respectively. The sub-indices x and z are added to 
indicate horizontal and vertical components, respectively. 
Considering Newton's second law, as expressed by Eq. (3.1), a summation offerees 
in the horizontal and vertical direction yields 
Figure 3.2 Effective forces and moments acting on the dragster (dragster drawing taken from Ref. [31]). 
N
n + Nft -Fa-F,-W = mna0z + mchaCz + mflaAz. 
A summation of moments about point O, according to Eq. (3.24) yields 
Ma + Fxhn + Nrlarl + Frc - Fcd - Wr0Gx + Nfl (rOAx + aft) + Ff, (rOAz - hft ) = 
~
l
n
a
n + Jchach ~ Ift<Xj> ~ ™chaCxrOCz + mchaC,rOC, ~ mftaA./oAz + mflaAzrOAx , 
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(3.26) 
(3.27) 
where hrt and h/t are the ride height of the rear and front tires, respectively. The ride 
height is less or equal than the tire radius, unless the tires are not in contact with the 
ground. The position of the normal forces due to the ground acting on the tires, measured 
from the center line of them is denoted by ar, and a/h respectively (see Figures 3.3 and 
3.4). These normal forces are displaced from the center line of the tires because the 
pressure distribution between them and the ground is not symmetric (see Figure 5.7). The 
distances from point O to points G, C and A are roc foe and r0A, respectively. 
Figure 3.3 shows the applied forces and moments, as well as the effective forces and 
moments acting on the rear tires. The torque Teq is produced by the engine, and its 
magnitude is given by the equation 
Figure 3.3 Forces and moments acting on the rear tires. 
Teq=T^Nfd, 
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(3.28) 
where Te is the engine torque, r/ is the efficiency of the drive-train, and N/a is the 
differential gear ratio. A summation of moments about point O yields 
Te?7Nfii-Fxh,'Nrlal.l=Idlar,, (3.29) 
where Idt includes the inertia of the drive shaft and clutch, both referred to the tire's side. 
Thus, the expression for !& is 
/*=/„+(/*+/,)#», (3.30) 
where Ids and Ic are the moments of inertia of the drive shaft and clutch, respectively. 
The applied forces and moments, as well as the effective forces and moments acting 
on the front tires are shown in Figure 3.4. A summation of moments about point A yields 
Fflhfl-Nftaft=Iflaft- < 3 - 3 1 ) 
Figure 3.4 Forces and moments acting on the front tires. 
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Since the inertia of the front tires is small, the friction force Ff, is small too. Therefore, a 
no-sliding condition can be assumed there, such that the horizontal acceleration of the 
center^ is directly related to the angular acceleration of the front tires. That is, 
aA,=af,hft- (3- 32) 
Clearly, Eq. (3.32) is not valid when the front tires are lifted off the ground. 
The kinematic equations relating the acceleration of points O, C and A are 
a
cx =
 a
o* - ®)hrocx ~achrocz, (3-33) 
a
a =
 a
oz - ^ci,roa + achroc.x > (3-34) 
aA* = «Ox - <rOAx - achr0A2 » (3-35) 
and 
aAz = aoz - <»l,rOAz + achr0Ax . (3.36) 
The equations (3.25)-(3.27), (3.29), (3.31)-(3.36) form a 10x10 system of coupled 
differential equations. Aerodynamic forces and moment Fa, Fi and Ma are functions of the 
square of the speed. The distances r0Gx, fOGz, rocx, rocz, roAx, fOAz are calculated using 
sine and cosine functions of the chassis angle. The square of the chassis angular speed 
appears explicitly in Eqs. (3.33)-(3.36). The mass moment of inertia of the rear tires, as it 
will be shown later, is a function of the 4l power of their angular speed. Thus, this is a 
system of nonlinear differential equations. Although there are 10 equations with 10 
unknowns (aox, &cx, a>Ax, CLOZ, acz, QAZ, ccrt, ach, cxft and Fft), there are just five degrees of 
freedom: horizontal and vertical position of rear tires center O, rear tires angular position, 
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chassis angular position and front tires angular position. All the other positions are 
determined from these five variables. 
In the next sections the exhaust and the ram forces, and the engine characteristics are 
considered. The aerodynamic forces and moment are considered in Chapter 4. The rear 
tires stiffness, load, traction characteristics, and moment of inertia are treated in Chapters 
5 and 6. 
3.3 Exhaust force 
The combustion gases expelled through the exhaust system exert a force on it, which has 
been estimated to be approximately 1000 lb [66]. Due to the orientation of the exhaust 
pipes, this force has three components. The pipes are inclined about 45° in a lateral view 
and about 60° in a frontal view. This leads to an angle of 22° with respect to the vertical 
plane XZ. The calculation of the components in this plane yields 
Fe= 1000cos22° = 927 lb, (3.37a) 
Fa= 927cos45° = 655 lb, (3.37b) 
and 
Fez= 927 sin 45° = 655 lb. (3.37c) 
Since there are two symmetric pipe systems located on the sides of the engine, the 
transversal components of the exhaust force of each pipe system cancelled out each other. 
3.4 Engine characteristics 
Figure 3.5 shows the power and torque curves used in this analysis. These curves are 
adjusted for an engine delivering 8000 hp at 8000 rpm. Typically, the operating range of 
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these engines is from 6000 to 8400 rpm, and the amount of power delivered to the clutch 
is controlled by adjusting the fuel flow rate and the ignition (timing). These parameters 
are programmed prior a race depending on a series of factors, such as track conditions 
and altitude, and weather. The main objective is to have the correct fuel flow rate and 
ignition set-ups in order to deliver to the rear tires the maximum amount of power 
without sliding the tires. 
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Figure 3.5 Power (solid line) and torque (dashed line) for an 8000 hp engine. 
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Chapter 4 
Dragster Aerodynamics 
In this chapter the aerodynamics of the dragster is considered. The whole car is divided 
into its main components that directly affect its aerodynamic behavior: the front and rear 
wings, front and rear tires, and chassis. In the case of the chassis, the body and the engine 
are included in it. 
4.1 Aerodynamic forces and moment 
The drag force Fa and down-force F; that appear in Eqs. (3.25) and (3.26) are the 
resultant of the aerodynamic forces acting on front and rear wings, front and rear tires and 
chassis of the dragster. Figure 4.1 shows these forces, where the point P denotes the 
aerodynamic center of pressure of the chassis. The first sub-index in each force denotes 
drag (d) and lift (/) force, and the other two denote front wing (fw), rear wing (rw), front 
tires (ft), rear tires (rt) and chassis (ch). 
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Figure 4.1 Aerodynamic forces acting on the dragster (dragster drawing taken from Ref. [31]). 
For each component of the vehicle, the drag and lift forces are calculated as 
Fdl=\pA,Cd,v\ (4.1) 
and 
F^-pAcy, (4.2) 
respectively. In these two equations, p is the air density, A is the reference area of the 
component, Cd is the drag coefficient, C, is the lift coefficient, and v is the speed. The 
index i is used to denote the z'-th component. 
The moment about point O (the center of the rear tires) due to the drag and lift forces 
is 
Ma — ^dfwrOjwz ^ljwrOfwx + rdmr0mz ^imf"omx 
+
 ^d/irOAz + ^lflrOAx + ^dchrOPz ~*~ ^ lchTOPx ' (4.3) 
where all the distances r are measured from point O to the corresponding point of 
application of the force, and the sub-indices x and z denote the horizontal and vertical 
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component of such distances, respectively. The positive sense for these distances is to the 
front and up. Substituting Eqs. (4.1) and (4.2) into Eq. (4.3) leads to 
Ma=\pkmv\ (4.4) 
where km is given by the equation 
+Af,Cdfir0Az + AftClflrOAx + AchCdchrOPz + AchCkhrOPx. (4.5) 
4.2 The rear wing 
The main aerodynamic component of the dragster is the rear wing. This is a three element 
wing with side plates mounted behind and above the rear tires. Its main objective is to 
produce a down force that increases the normal force between the rear tires and the 
ground, in order to increase the traction of the tires. Figures 4.2 and 4.3 show the rear 
wing viewed from two different perspectives. 
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Figure 4.2 The dragster front and rear wings [58]. 
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Figure 4.3 The dragster rear wing [58]. 
From Eqs. (4.1) and (4.2) the drag and down-force produced by the rear wing can be 
expressed as 
(4.6) drw ~ ^drw* ' 
where 
and 
where 
*drw ~ ~ PAyvS'drw > 
F - k v2 
1
 Irw ~ Klrwv ' 
% w _ ,-, P^rw^lrw • 
(4.7) 
(4.8) 
(4.9) 
There is limited information available regarding the performance of the rear wing, 
but it is estimated that the down-force produced by this wing is in the range of 4000-8000 
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lb according to Ref. [22]. Reference [1] gives a closer range: from 6200 to 6500 lb. The 
amount of down-force depends on several factors, such as the air density, the size and 
angle of attack of the wing, etc. The maximum area allowed for the wing is 1500 in2 
[50]. The values for kdm and klrw published in Ref. [39] for a modern top fuel dragster 
are, considering the air density at standard conditions, 
kdrw = 0.0066 lb-s2/ft2, (4.10) 
and 
k!rw = 0.0265 lb-s2/ft2. (4.11) 
For a speed of 330 mph (484 ft/s) the corresponding down-force is 6208 lb, which is in 
the range reported in Ref. [1]. 
4.3 The front wing 
The front wing is smaller than the rear wing, and only a single element wing is allowed 
[50]. This wing is used to counteract the moment of the drag and down forces produced 
by the rear wing. This moment tends to lift off the ground the front tires. The maximum 
down-force this wing can produce is in the range of 1800-2000 lb [1, 47]. The front wing 
can be appreciated in Figure 4.2, and Figure 4.4 shows an un-mounted front wing. 
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Figure 4.4 An un-mounted dragster front wing. 
The down-force produced by the front wing is adjusted according to the set-up of the 
car, mainly the rear wing set-up. During the first part of the track, it is desirable that the 
front tires do not touch the ground. In this way, the total force exerted by the ground is 
applied on the rear tires, maximizing the traction. As the speed of the car is increased, the 
front tires must be in contact with the ground, in order to have directional control on the 
car. However, the racing teams try to minimize the load on these tires, keeping its value 
to approximately 300 lb on each tire [1]. Thus, the value for the lift factor klfw for the 
front wing, corresponding to the value klrw for the rear wing given by Eq. (4.11), was 
adjusted to 
klfw = 0.0070 lb-s2/ft2. (4.12) 
For a typical current front wing, the area is approximately A^ = 4.75 ft2 (57 in x 12 in = 
684 in2), the corresponding lift coefficient is 
0^=1 .24 . (4.13) 
The drag coefficient was estimated with the equation [73, 74] 
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Q=Qo+ ?]„ ,, (4-14) 
where Cd0 is the viscous drag, e is the span efficiency factor, and AReff is the effective 
aspect ratio. The viscous drag is composed of the skin friction drag and the form drag. 
The form drag appears when there is flow separation around the wing [32]. For a wing 
with side plates the effective aspect ratio is calculated as [74] 
f
 1.9/z^ 
AReff=AR 1 + -
V o j 
(4.15) 
where AR is the aspect ratio, h is the height of the side plates, and b is the wing span. 
The aspect ratio is defined as 
AR = - , (4.16) 
c 
where c is the wing chordal length. For a typical current wing with dimensions b = 57 
in, c = 12 in, h = 8 in, an span efficiency factor e - 0.8 [74], and a value Cd0 =0.05 due 
to the skin friction (assuming no flow separation), the resultant drag coefficient for the 
front wing is, using Eqs. (4.14)-(4.16), 
CdJw = 0.151. (4.17) 
The corresponding drag factor is 
kdfiv = 0.000851 lb-s2/ft2. (4.18) 
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4.4 The front and rear tires 
The air pressure distribution around the tires is not symmetric when the tires are rotating. 
This effect is accentuated by the proximity of the ground. In this work the values for the 
drag and lift coefficients are taken from Ref. [15]. These values are 
Q = 0.579, (4.19) 
and 
C,=0.18. (4.20) 
These coefficients are applied to both front and rear tires. 
4.5 The chassis 
As it was mentioned previously, the chassis includes the body and the engine. There is 
not published information about the aerodynamic characteristics of these cars in their 
current configuration. However, in 1973, an analysis of the aerodynamic of the dragster 
of that time was made [29]. The frontal area of the vehicle was taken as 9.49 ft2, its drag 
and lift coefficients as 0.71 and zero, respectively. Since those cars had no wings, the 
main components were the chassis and the front and rear tires. Thus, the following 
relation holds: 
CdA = CdchAch + CdflAfl + CdrtArl, (4.21) 
where Cd is the drag coefficient of the car, A is its frontal area, Cdrl and Art are the rear 
tires drag coefficient and area, respectively, Cdch and Ach are the chassis drag coefficient 
and area, respectively. Using the values listed above for those cars, Cdrl as given by Eq. 
65 
(4.19), and assuming the same front tires area as current dragsters, and that the rear tires 
area is approximately 40% of the total frontal area of the car, Eq. (4.21) yields 
Q c / l=0.74. (4.22) 
The chassis lift coefficient is taken as zero, as was done for that dragster. 
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Chapter 5 
Stiffness and Traction Characteristics of the Rear Tires 
In this chapter a simple model is used to estimate the low speed vertical stiffness of the 
rear tires, based on dragster oscillations observed in recorded videos of actual races. This 
stiffness value is the starting point to adjust the dynamic stiffness of these tires, which is 
continually varying, since the angular speed and its effects are changing as a function of 
time. 
Also in this chapter a simple model to estimate the traction characteristics of the rear 
tires is developed. This model is based on results of actual races. Approximated 
accelerations curves were obtained by interpolation of recorded race data. With these 
accelerations and some simplifications, the equations of motion were solved for traction 
and rear tires vertical load. The traction to load ratio was obtained, which was plotted in a 
series of curves as a function of the slip ratio and speed. This family of curves describes 
the traction characteristics of the rear tires, and is used later in the simulation of the 
dragster dynamics. 
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5.1 Estimation of the stiffness of the rear tires 
To determine the vertical load exerted by the ground on the rear tires, it is necessary to 
consider the elastic properties of them. A simple model was used to relate the load 
supported by the tires to the vertical displacement of their center. As shown in Figure 5.1, 
a spring-damper system was used to simulate the elastic behavior of the tires. There are 
several tests which can be used to estimate the stiffness and damping of tires [75]. 
Unfortunately, a dragster rear tire was not available to make these tests. Thus, the low 
speed stiffness was indirectly estimated, and the damping was adjusted comparing the 
simulation results to available measurements. 
It was observed in certain videos [49] of drag racing that, at the end of the race, the 
dragsters oscillate in the vertical plane as they approach the track exit. These oscillations 
are mainly due to the rear tires elasticity, and consist in a rotational oscillation of the 
chassis about the center of the front tires. Observing these videos frame by frame, it was 
possible to estimate the frequency of these vibrations. Table 5.1 shows these estimates 
obtained from eight videos, recorded from 1999 to 2005. 
Figure 5.1 Simple tire elastic model. 
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Year, driver 
1999, Mike Dunn 
2000, Joe Amato 
2000, Mike Dunn 
2003, Brandon Berstein 
2003, Doug Kalitta 
2003, Kenny Berstein 
2003, Larry Dixon 
2005, Tony Schumacher 
Average 
Time (s) 
2.133 
3.0 
3.20 
2.0 
3.267 
2.60 
5.80 
4.067 
-
Cycles 
7 
9 
10 
6 
10 
8 
18 
12 
-
Freq. (Hz) 
3.28 
3.0 
3.13 
3.0 
3.06 
3.08 
3.10 
2.95 
3.08 
Freq. (rad/s) 
20.6 
18.9 
19.6 
18.9 
19.2 
19.3 
19.5 
18.5 
19.3 
Table 5.1 Estimated frequency from drag racing videos. 
It is possible to use the estimated frequencies shown in Table 5.1 to estimate the rear 
tires vertical stiffness. Consider the model shown in Figure 5.2. The equation to describe 
the chassis rotation with respect to point A (center of the front tires) and around its 
equilibrium position is 
J]MA=-krtzJ-cJ0l = IAa, (5.1) 
where z0 and z0 are the vertical displacement and speed of the point O, respectively, 
I = a + b is the wheelbase, IA is the mass moment of inertia of the dragster (excluding 
the front tires) about a horizontal axis passing through A, and a is the chassis angular 
acceleration. Although the rear tires are represented by the spring and the damper, the 
whole rear axle assembly is included in IA since practically the whole mass of the 
assembly is moving along with the chassis about point A. Considering small rotations, 
z0 = 10 and zo=l0. Substituting these expressions into Eq. (5.1) and rearranging, 
- r I2 • k I2 
0 + ^ —0 + ^ -0 = 0, (5.2) 
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Figure 5.2 Dragster with rear tires simple elastic model. 
where 6 = a . This equation is of the form 
0 + 2gcon9 + co;0 = O. 
The un-damped natural frequency is given by 
(5.3) 
co„ = 
Kf (5.4) 
and the damped natural frequency is 
co„ = ®nfi-?> (5.5) 
where g is the damping ratio. 
The mass moment of inertia of the dragster about point A is given by 
IA=IC+mcHdch/A+mrldO/A, (5.6) 
where Ich, mch and mrt are the inertia and mass of the chassis, and the mass of the rear 
axle assembly, respectively. The inertia Ich is computed about the chassis center of mass. 
The distances d
 hlA and d0/A are measured from points to the chassis center of mass and 
70 
point O, respectively. Substituting the current estimates of these parameters into Eq. (5.6) 
yields 
IA= 28,487 lb-ft-s2. (5.7) 
For damping ratios less than 0.3, the damped and the un-damped natural frequencies 
are close to each other, with a difference less than 5%. Thus, in a first approximation, the 
average frequency given in Table 5.1 will be considered as the un-damped natural 
frequency. Substituting the values for IA , I and con into Eq. (5.4) and solving for krl, it 
yields 
krl =17,013 lb/ft = 1,418 lb/in . (5.8) 
This stiffness value is considering both rear tires acting together. 
The estimation of the damping value crl for the rear tires is not possible with the 
available information. Thus, the value of crl was chosen as follows. It was observed that 
low values of crl lead to vertical oscillations of the rear end of the dragster during the 
simulations of a race. These oscillations have not been observed in recorded videos of 
actual races. Thus, the value of crt was adjusted to just avoid these oscillations during the 
simulations of a race. The value found in this way was 
crt= 1,000 lb-s/ft. (5.9) 
This gives a damping value of 500 lb-s/ft for each tire. For commercial tires, the damping 
is usually small [75, 16, 54], and the values vary too much, but for some big tires the 
damping value can be as high as 300 lb-s/ft [75]. 
From the second term in the left hand side of Eqs. (5.2) and (5.3), 
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cj2 
h 
2gcon. (5.10) 
Combining Eqs. (5.5) and (5.10) and solving for g yields 
cj2 (5.11) 
4{2codIAf+{crll2)2 ' 
Considering now the average frequency from Table 5.1 as cod , and substituting into Eq. 
(5.11) the value for crl given in Eq. (5.9) leads to 
^ = 0.494. (5.12) 
With this value of g a better approximation for krt is obtained. From Eq. (5.5), 
mn = 22.2 rad/s. (5.13) 
Substituting this value into Eq. (5.4) and solving for krt, 
krt = 22,498 lb/ft = 1,875 lb/in . (5.14) 
The stiffness value given in Eq. (5.14) considers both rear tires acting together, and 
this value is at low speed, since the speed of the dragsters near the track exit is too low. 
Due to the behavior of tires, the static value (no rolling tire) of krl is a little higher 
(approximately 10-20 %) [75]. In the case of the dragster rear tires, the behavior of krl is 
highly complex. At launching, due to the high torque applied by the engine, the angular 
deformation of the rear tires is too large, decreasing their center height hrt, as it can be 
seen in Figure 5.3. And as the tire angular speed increases, the tire radius grows and the 
contact patch length decreases, both due to the high elasticity of these tires and to the 
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effect of the centrifugal forces acting on them. Figure 5.4 shows radius growth and ride 
height variation for a rear tire mounted in a "funny" car which ran in 1993 [26]. 
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Figure 5.3 Deformation of the rear tire at the starting line [60]. 
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Figure 5.4 Rear tires radii measured on a "funny" car during a race in 1993 [26]. 
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Observing the behavior of the ride height shown in Fig. 5.4, it is clear than the 
equivalent vertical stiffness of the rear tires is not constant. During launching, the 
equivalent stiffness decreases, resulting in a ride height reduction. As the speed is 
increasing, the equivalent stiffness is increasing, and the ride height is increasing too. At 
high speed, the ride height is approaching to the free radius, resulting in a too low vertical 
deflection. At this point, the rear tires behave as ones with a too high vertical stiffness. 
A dynamic model is required to obtain the vertical stiffness krt as a function of the 
angular speed, the angular deformation, the elastic parameters and the mass distribution 
of the rear tires. It is not trivial to obtain such a model. For now, starting from the value 
of krl at low speed estimated above, the stiffness was adjusted to produce a similar 
behavior for the ride height as in Fig. 5.4. Figure 5.5 shows this equivalent vertical 
stiffness of the rear tires, and in Figure 5.6 are plotted the free radius and the ride height 
obtained with this stiffness. 
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Figure 5.5 Rear tires equivalent vertical stiffness. 
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Figure 5.6 Rear tires free radius (solid line) and ride height (dotted line). 
Finally, the vertical load acting on the rear tires is 
Nrl=krl(rrl-hrl)-crthrt, (5-15) 
where hrl is the vertical speed of point O. The minus sign in the second term of the right 
hand side of Eq. (5.15) is because when the rear tires are vertically compressed, hrt has a 
negative value, but the damping force is adding to the spring force of the tires. 
5.2 Pressure distribution on rear tires contact patch 
At the contact patch, the pressure is not uniformly distributed. A parabolic distribution is 
frequently assumed, but a more realistic distribution is shown in Figure 5.7 [25]. As it can 
be seen in videos of actual races, rear tires deformation is such that most of the contact 
with the track is occurring at the leading edge of the contact patch. Due to this fact, the 
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pressure distribution assumed here is a triangular one, i.e., a modified distribution of that 
shown in Figure 5.7. This new pressure distribution is shown in Figure 5.8. 
Figure 5.7 Pressure distribution at the rear tires contact patch [25]. 
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Figure 5.8 Simplified pressure distribution on the dragster rear tires. 
76 
The line of application of the resultant vertical load Nrt acting on the tires passes 
through the centroid of the pressure distribution. Then, the location of this force is given 
by the equation 
« * = y - (5-16) 
In the case of the front tires, the pressure distribution is more symmetric, yielding a 
small value for afh the location of the load on front tires with respect to the centerline of 
the contact patch. 
5.3 Traction on the rear tires 
The high traction developed on dragster rear tires is due to several factors: the compound 
used to fabricate them, track preparation with the application of a sticky substance on it 
[17, 18, 21], low inflation pressure [19], high contact patch, layer of rubber deposited on 
the track during burn out, tire temperature, and track temperature, among others. 
As it was mentioned in Chapter 2, sometimes the recorded data for some of the races 
are published [49]. These data consist of the time recorded at 60, 330, 660, 1000 and 
1320 ft, and the speed at 660 and 1320 ft. Using an interpolation scheme, such as cubic 
splines, it is possible to construct approximated curves of distance, speed, and 
acceleration, as shown in Figure 5.9. 
Analyzing recorded data of more than 40 races, including the quickest-race-ever, a 
hypothetical recorded data bank was assembled as follows. The best times to travel from 
0 to 60, from 60 to 330, from 330 to 660, from 660 to 1000, and from 1000 to 1320 ft 
were selected, and the resulting data are shown in Table 5.2. 
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~ 1500 
2 2.5 
Time (s) 
Figure 5.9 Typical distance, speed, and acceleration curves obtained by interpolation of race data. Square 
marks represent data points. 
d(ft) 
t(s) 
v(mph) 
0 
0 
9.52 
60 
0.822 
-
330 
2.085 
-
660 
2.969 
-
1000 
3.723 
-
1320 
4.385 
336 
Table 5.2 Hypothetical recorded data bank. 
The initial speed was estimated taking into account that the cars are staged 
approximately 10 inches behind the starting line, and final speed was chosen to be a good 
value, near the national record (337.58 mph). Approximated distance, speed and 
acceleration curves can be obtained by a cubic splines interpolation of distance vs. time 
data, as was shown in Chapter 2. 
The required traction to produce the results shown in Table 5.2 can be approximately 
obtained as follows. Assuming that all the points on the dragster have the same horizontal 
acceleration, Eq. (3.25) can be used to determine this traction. The friction on the front 
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tires Fft is calculated using Eqs. (3.31) and (3.32) with aft equal to zero. The exhaust force 
component Fex and the ram force Fr are known, and Fd can be calculated using the speed 
curve. The vertical load on the rear tires Nrt is needed to calculate the traction to load 
ratio, and is obtained solving simultaneously Eqs. (3.26) and (3.27). This is also an 
approximate solution with the following assumptions: no-sliding condition at the rear 
tires, no chassis rotation, and zero vertical acceleration. The no-sliding condition just has 
the effect of increasing a little the engine speed and the rotational powers. This condition 
does not affect the longitudinal performance, since this is determined by the recorded 
data. The solution of these equations in this manner is basically a quasi-static solution, 
and is a good approximation in the case of successful runs for almost the entire race. The 
traction to rear tires load ratio for this hypothetical race is shown in Figure 5.10. 
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Figure 5.10 Traction to rear tires load ratio versus time for the hypothetical race. 
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It is convenient to express the traction to load ratio as a function of longitudinal slip 
ratio. In this work, the Calspan TERF (Tire Research Facility at Cornell Aeronautical 
Laboratory) definition of slip ratio is used [44]. It is calculated as 
5 = ^ Z I , (5.17) 
v 
where <x> is the tire angular speed, hrl is the ride height and v is the vehicle speed. In Fig. 
5.4 the ride height hrt and the effective radius for an actual race are shown. The effective 
radius, as considered there [26], is used to relate angular and longitudinal speeds, i.e., 
v = coreff. (5.18) 
Combining Eqs. (5.17) and (5.18), the following expression for the slip ratio is obtained: 
s = ^--l. (5.19) 
r
eff 
In this work it is assumed that the traction to load ratio shown in Fig. 5.10 for the 
hypothetical "best race" is the maximum limit. It is also assumed that the sliding 
conditions for any race are similar to those occurred when data shown in Fig. 5.4 were 
recorded. These two assumptions lead to the graph shown in Figure 5.11, where the 
relation between traction to load ratio and slip ratio can be seen. 
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Figure 5.11 Rear tires traction characteristic. 
The peak values for each curve in Fig. 5.11 are obtained from Fig. 5.10, and simple 
linear piecewise representations are used to construct the curves. A 60% of the peak 
values are used to calculate the traction to load ratio at slip ratio equal to one. The peak 
values decrease as the speed increases (also the load increases), and the curves shown 
correspond to speed values of 0, 50, 100, 150, 200, 250, 300, 330, and 350 mph, 
respectively. There is not enough information to construct more elaborate curves, such as 
the curves given by the Pacejka's "Magic formula" tire model [54, 55]. This is one case 
where the use of linear piecewise representation is justified [36]. 
The model presented here to estimate the traction to load ratio as a function of the 
slip ratio, speed and, indirectly, the normal load (which increases with the speed), is a 
simple one. It is extremely difficult to obtain a more elaborate model, since virtually the 
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rear tires are different at each instant of time. The radius, ride height, width, length of the 
contact patch, and the stiffness are continually changing during the race. And to add to 
the complexity of the problem, the range of speed is enormous, from zero to 330 mph. 
And since all this happen in less than 4.5 seconds, the rear tires are subject to an abrupt 
transient. It is not trivial to incorporate the effect of the speed and the transient conditions 
to current tire models and, in the models where these conditions are included, the range 
of applicability is not as ample as in the case treated here [55]. Thus, despite the 
simplicity of the model obtained here, it is quite useful to estimate the traction of the rear 
tires under changing conditions. 
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Chapter 6 
Mass Moment of Inertia of the Rear Tires 
The dragster rear tire is quite flexible, highly deformable, and its behavior is far from that 
of a rigid body. As was mentioned in Chapter 5, the rear tire sidewalls twist under the 
action of the high torque that current dragster engines develop. Figure 6.1 shows a rear 
tire deformed at the starting line. This behavior makes the modeling extremely complex, 
thus a simplified model will be developed herein. 
•jr 
f» m 
Figure 6.1 Deformation of the rear tire at the starting line [60]. 
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Another feature of the behavior of the rear tires is that they grow due to the effect of 
the rotational speed, increasing their diameter and reducing their width. Figure 6.2 shows 
a rear tire at its initial (static) configuration (a), and a rear tire at high angular speed (b). 
As it can be seen, the deformation is too large, making the dynamic behavior of these 
tires very different to that presented by the passenger car tires, even different to that 
presented by the racing tires used in other forms of motorsports, such as NASCAR and 
Formula 1. 
Figure 6.2 The rear tire: static (a) and at high angular speed (b) [60]. 
Thus, it is necessary to investigate this behavior to properly incorporate it in the 
dynamic model of the dragster. Due to the complexity of the problem, and the lack of 
information regarding the elastic properties of these tires, the tire rotational deformation 
is not taken into account, i.e., the angular speed and acceleration are considered constants 
with respect to the angular position around the tire. In this chapter a simple model to 
consider the angular momentum of the rear tires is developed. The model is aimed to 
obtain an expression that relates the torque applied and the angular acceleration produced 
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on these tires. As a result of this model, an expression to estimate the moment of inertia 
of the rear tires is obtained. This moment of inertia is not constant, but depends on the 
angular speed of the tires. 
6.1 Angular momentum of a ring 
Consider a ring of mass m and variable radius r, rotating about its geometric center O, 
which is also at all times its center of mass, as shown in Figure 6.3. 
Z 
• X 
Figure 6.3 A ring rotating about its center. 
The angular momentum of the ring about point O is [8] 
H0=i>,xm,v,)> (6-1) 
where r, is the position vector of the z'-th particle of the ring relative to O, mi is the mass 
of the particle, and v, is the relative velocity of the particle with respect to O. The rate of 
change of the angular momentum is the derivative of Eq. (6.1) with respect to time, i.e., 
n n 
H 0 = X ( r , x m , v ; ) + £ ( r , x m . a , ) , (6-2) 
;=1 ;=1 
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where the upper dot represents differentiation with respect to time. Since r. = v,., Eq. 
(6.2) can be expressed as 
n n 
Ho=E(v'xw'v')+E(r'x^a')- (6-3) 
/=i 
Note that ^](v, x mi\i) = 0, thus Eq. (6.3) is reduced to 
i=\ 
H0=X(r,x^a,) (6.4) 
The position vector of each particle relative to O can be expressed as 
r,=rbleB+riaea, (6.5) 
where rin is the magnitude of the component of r. in the plane XZ and ria is the 
magnitude of the axial component (Y direction) of r,.. The unit vectors in the normal and 
axial directions are denoted as e„ and ea, respectively. 
The speed of particle i relative to O is, differentiating Eq. (6.5) with respect to time, 
v,- = r,- = rini„ + rinen + riaea + riaea . (6.6) 
Since efl is parallel to the axis of rotation, ea = 0. Also remember that en = a>el, where co 
is the angular speed and t defines the tangential direction. Thus Eq. (6.6) is expressed as 
v , -=^„e,+4e„ + ^ e„. (6.7) 
The acceleration of particle i relative to O is, differentiating Eq. (6.7) with respect to 
time, 
a. = v, = (brmtt + afme, + cormkt + rmen + rm (ae,) + riaea . (6.8) 
Considering that e, = -coen, Eq. (6.8) is written as 
a, = -orrinen + arine, + rinen + 2corinet + riaea, 
86 
(6.9) 
where a = cb is the angular acceleration. 
Substituting Eqs. (6.5) and (6.9) into Eq. (6.4) leads to 
H0 = Z L(^e" + r ^ a ) X M< {-M2^*" + ^ ^ t + fan + 2COfa, + faa ) J " (6-1 0) 
The expansion of the cross product in the above equation yields 
n 
H = / \m\re xl-core )+re xare +re xre +re x2core +re x re [ 
o ^ ^ ^ / J_ in n \ in n j in n in t in n m n in n in I in n la a \j 
1=1 
n 
+ / \m\ re xi-core )+re xare +re xre +re xlcore +re xr'e [ 
^ ^ j [ / |_ w a \ m n j ta a in I la a in n la a in I la a la a _J j 
,(6.11) 
which reduces to 
n _ _. 
H0 =ZLW ' (^«e- +2W W5" ~ W « " ^ W , -armWn +W, -2<° W„)J • (6-12) 
1=1 
Finally, grouping terms in the above expression leads to 
H I 
V i = i 
n 1 " 
i=l 
e
« + X m^« (" a r - ~ 2iyv<») e« 
« _ 
+E ^ L_r-^ + (-^nn + Kn ) r,a J e , 
1=1 
(6.13) 
where vin = rin is the normal component of the speed of the particle i. The term 2covin is 
the Coriolis acceleration of the z'-th particle. 
The contribution of the normal components to H0 is 
Hon = X Mr,. (~arm ~ 2o)vm ) e„ . (6.14) 
/= i 
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Considering two radial opposite particles at the same axial position ria from O, it can be 
seen that their contributions have the same magnitude, are both directed in the same 
normal direction, but have opposite senses. Therefore, the contribution of the normal 
components to H0 for all the particles of the ring is zero, i.e. 
H =0 . 
The contribution of the tangential components to H0 is 
H0/ = X m> \_-V,a + ( - a > \ + rm ) rm J e, . 
(6.15) 
(6.16) 
Reasoning in the same way as in the case of the normal components, it can be concluded 
that 
H o , = 0 . (6.17) 
Eq. (6.13) is then reduced to 
n \ n 
Xm<r,« a + Y^m^lcDV^ HL 
( » I 
J i=\ 
(6.18) 
The mass moment of inertia of the ring about O is, considering that all the particles 
are at the same radial distance r from O, 
o ^ _ j / in / i 
V 1=1 J 1=1 
2 2 
r =mr , (6.19) 
where m is the total mass of the ring. Considering that also the normal component of the 
speed vin is the same for all the particles ( \ n) , the Eq. (6.18) is expressed as 
H 0 = [ / 0 a + 7wr(2fflv„)]e0. (6.20) 
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Since ^ M 0 = H 0 , where the left term represents the sum of all the external 
moments acting on the ring, the following expression is obtained using Eq. (6.20), 
£ M 0 = [ 7 ^ + ^ ( 2 ^ )]efl, (6.21) 
where it is assumed that all the moments are applied in the axial direction. Eq. (6.21) 
states that the angular acceleration of a ring of variable radius is different from that 
obtained in the case of a rigid ring. The term mr(2covn) appears due to the variation of 
the radius r with angular speed. 
6.2 Angular momentum of a disk 
Consider now a disk with internal radius r, and external radius r2, as shown in Figure 
6.4. The disk is rotating about its center with angular speed co and angular acceleration 
a . The internal radius r, is constant, as the internal radius of a tire mounted on its wheel. 
The radius r2 is the external radius at rest, and grows due to the centrifugal action to a 
value r3, which depends on the angular speed of the disk. 
Figure 6.4 A disk rotating about its center. 
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The variation with respect to time of the angular momentum of a ring of radius r is, 
from Eqs. (6.20) and (6.19), 
H0 = \mr2a + mr {2covn ) 1 e0. (6.22) 
For a ring of thickness dr and mass dm, the rate of change of the angular momentum is a 
differential quantity. From Eq. (6.22), and considering just the magnitude it is 
dH0=(r2a + 2a)rv„)dm. (6.23) 
As the angular speed of the disk increases, the external radius r3 is growing from its 
value at rest r2 to a final value, depending on the final angular speed. It will be assumed 
here the following relationship between r3 and co: 
r3=r2+kco2, (6.24) 
where k is a constant. Thus, the increment in the external radius is 
Ar2 = km2. (6.25) 
Assuming a linear variation of the radius increment inside the disk, it follows that 
r0 V\ A„ _ r0 r\ ; , „ 2 Ar = -2 LAr2 = ^ x-kal rt<r0<r2, (6.26) 
r2-rx r2-rx 
where r0 is the initial (undeformed) radius at some point that now has a radius r due to 
the angular speed co. Thus, 
r = r0+Ar = r0 +^^-kco2. (6.27) 
r2-rx 
Figure 6.5 shows the radii variation as a function of the angular speed. 
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CO 
Figure 6.5 Radii variation inside the disk as a function of the angular speed. 
The normal speed vn is, differentiating Eq. (6.27) with respect to time, 
vn =r = 2——-kcoa . 
r2-rx 
(6.28) 
Eq. (6.28) is expressed in terms of the undeformed radius r0, but it is more convenient to 
have this equation expressed in terms of the deformed radius r. From Eq. (6.27), 
ro(r2 ~r\) + (ro~r\)ka>2 _ r0(r2 -rx + kcu2)-rxkco1 
r = 
r2-rx 
(6.29) 
Solving for r( 0 ' 
r(r2 - r,) + r^kco1 
r2-r{+ kco2 
(6.30) 
Substituting Eq. (6.30) into Eq. (6.28) yields 
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v.. =2 
r{r2 -r^ + ^kco2 
r2-rx+ kco2 — r, 
-kcoa. 
r7-r. 
(6.31) 
which can be written as 
v =2
rir2-^) + rM2 ~fo ~rx)rx -rxkco2 ^ 
(r2-r,)[r2-rx+kco2) 
Simplifying this expression yields 
(6.32) 
\r2 ~~r\ + ka>~ ) 
(6.33) 
From Eq. (6.24), ri=r2+ kco2, then Eq. (6.33) can be further simplified as 
v =2 -kcoa 
r3-r, 
The mass of the ring with thickness dr is 
dm = pdV = p(27rr)(dr)b = Inpbrdr , 
(6.34) 
(6.35) 
where b is the width of the disk and p is its density. Substituting Eqs. (6.34) and (6.35) 
into Eq. (6.23) yields 
dH = r2a + 2cor 2 -kcoa 
v r 3 - ^ J 
{2npbrdr}, (6.36) 
which can be expressed as 
dH0 = 2npb 
-, Akco a i , 
r a + ' " 
r3-r, 
(r3-V) dr (6.37) 
The variation with respect to time of the angular momentum of the whole disk is 
calculated as 
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Ho = \dH0=2npb\rir 
-, Akccra r , ,• \r -rxr r a + 
r3-rt 
dr. 
which yields 
H0 =2npb 
4 4 
r3 - r , 
4to2 
—; 1—r-
3 \ 
a 
A further simplification of Eq. (6.39) results in the following expression, 
H0 =2npb 
4 4 
r3 -r , + - ( ^ 3 - 0 ( ^ + 2 ¥ i + ' ' | 2 ) t o 2 a 
Eq. (6.40) can be expressed as 
H0=Ieqa 
where the equivalent mass moment of inertia is 
/ = 2npb 
4 4 i 
The sum of moments about the center of mass O is expressed as 
V M =H =T a. 
/ J o o eq 
(6.38) 
(6.39) 
(6.40) 
(6.41) 
(6.42) 
(6.43) 
6.3 Angular momentum of a dragster rear tire 
It is useful to obtain an expression similar to Eq. (6.42) for the mass moment of inertia of 
the dragster rear tire. In order to develop such expression, the tire tread will be considered 
as a ring, while the tire sidewalls will be treated as disks. Thus, the rate of change with 
respect to time of the tire angular momentum is 
H,re=Ht+Hs, (6.44) 
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where Ht is the tread contribution and Hs is the sidewalls contribution to the total rate 
of change of the tire angular momentum. 
In the case of the tread, the expression for the time rate of change of the angular 
momentum of a ring of differential thickness dr can be used. Replacing dr by the tread 
thickness tt in Eq. (6.37) yields, for a ring of radius r3 (where the tread is located), 
H, = Inpbt, rl + 
4kco2 
r3-rx 
(r33-r,r32) a. (6.45) 
which simplified is written as 
H, = 2npbtt [rl + 4r2kco2 )a . 
The equivalent mass moment of inertia of the tread is 
I, = 2npbtt (r33 + 4r32ka>2), 
where b is the tread width. 
(6.46) 
(6.47) 
The rate of change of the angular momentum of the sidewalls is given by Eq. (6.40). 
Rewriting that expression, replacing the thickness b of the disk by ts, the thickness of 
both sidewalls together, the equation is written as 
Hs=2npts 
4 4 
r3 - r , + 3 (r3 - rx)(3r32 + 2r3r, + r2) kco2 a. (6.48) 
The mass moment of inertia of both sidewalls together is then 
h = 2npts 
4 4 1 
r3 - r , l 4 +~{ri-r])(3r2+2r3r]+r]2)ko>2 (6.49) 
Thus, the rate of change of the tire angular momentum is obtained substituting Eqs. 
(6.46) and (6.48) into Eq. (6.44). That is, 
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Hlire=27rp \btt{rl+Ar^kor)+ts 
4 4 i 
4 +-{ri-ri)(tf+2w+r?)ka>2 >a. (6.50) 
The equivalent mass moment of inertia of the tire is 
Ian=2np \btt(r}+Arlka?) + tx 
4 4 i 
r3 -r, 1 4 + - fa - 1 ) (>32 + 2r3r, + r,2) W (6.51) 
If we know the mass of the tread and the mass of the sidewalls, then a useful 
expression for Itire in terms of these masses can be obtained. Let mt be the mass of the 
tread and m, be the mass of the two sidewalls. In the case of the tread its mass is 
mt - 2npbttr3. 
Using this expression in Eq. (6.47) yields 
The mass of the two sidewalls is 
(6.52) 
(6.53) 
(6.54) 
Substituting Eq. (6.54) into Eq. (6.49) leads to 
/ = 2m, s
 . .2 2 
4 4 
r3 -/-, 
- + 3 (r3 - 1 ) ( t f + 2/jr, + r,2) to2 (6.55) 
which can be written as 
h = ms 
r'+r?
 [2(3/32+2r3r,+r12) 
to2 
r3+r, 
(6.56) 
The equivalent mass moment of inertia of each dragster rear tire is, adding Eqs. (6.53) 
and (6.56), 
I tire ~ mt \r3 + 4r3kco2 j + ms 
2+r2 2(3/-32+2r3/-]+r12) 
• + — 
3 
kof 
r3+r, 
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(6.57) 
Note that Eq. (6.57) does not include the contribution of the wheel to the tire-wheel 
inertia. 
In order to more clearly appreciate the effect of the angular speed on the inertia of 
the tire, it is convenient to express the dynamic external radius r3 in terms of the static 
external radius r2. From Eq. (6.24), r3 = r2 + kor, then the inertia of the tread is, from Eq. 
(6.53), 
It = mt (r2 + 6r2kco2 + 5k2 co4) 
The inertia of the sidewalls is, using the same substitution in Eq. (6.56), 
(6.58) 
I =m. J +rJiof + - k co + -
[r2 +2r,r2 +3r2)ka>2 + | ( / j +3r2)k2co4 +2k3a>6 
rx+r2+kco2 
. (6.59) 
Clearly, the inertia of the tire is the sum of the inertias of the tread and the sidewalls, i.e., 
(6.60) /*.=/,+/,. 
As it is shown by Eqs. (6.58) and (6.59), the tire inertia is a function of the angular speed 
to the 4th power. This is due to the fact that the inertia of the tire is a function of the 
square of the tire radius, which at the same time is a function of the square of the angular 
speed. 
For an actual dragster rear tire, the rim radius r, is 8 in (2/3 ft), the external radius r2 
is 18 in (IX ft), the tread weight is 30 lb, and the two sidewalls weight is 17 lb [26]. 
Table 6.1 shows these values. Note that mass instead of weight is reported in the table. 
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From Ref. [26], k is estimated as 4.7298e-006 ft/(rad/s) . Substituting this value, and the 
values given in Table 6.1 into Eqs. (6.58) and (6.59), and using Eq. (6.60), the rear tire 
inertia was calculated and plotted in Figure 6.6. The moment of inertia of the whole 
drive-train, considering both rear tires and wheels, axle, differential, drive shaft, and 
clutch, is shown in Figure 6.7. 
rt (ft) 
2/3 
r2 (ft) 
IX 
mt (lb-s2/ft) 
0.932 
ms (lb-s2/ft) 
0.528 
Table 6.1 Parameters of a dragster rear tire. 
100 150 200 
Angular speed (rad/s) 
250 300 
Figure 6.6 Mass moment of inertia of the dragster rear tire. 
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50 100 150 200 
Angular speed (rad/s) 
250 300 
Figure 6.7 Mass moment of inertia of the dragster drive-train. 
The equations (6.58)-(6.60), and Figures 6.6 and 6.7 are quite useful to estimate the 
rear tires and drive-train mass moment of inertia. These inertias were incorporated into 
the equations of motion of the dragster. 
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Chapter 7 
Numerical Results 
The complete nonlinear dynamic model of the dragster was implemented in Matlab. The 
differential equations of motion, engine characteristics, aerodynamic drag and lift forces, 
and the rear tires variable stiffness, their traction characteristics, and their variable mass 
moment of inertia were included. The simulation results, as well as the effect of the 
aerodynamics and the engine initial torque on the performance of the dragster are 
presented in this chapter. 
7.1 Numerical analysis of an actual race 
As it was just stated, the nonlinear differential equations of motion of the dragster were 
programmed in a digital computer and were numerically integrated. The program was 
used to analyze the quickest-race-ever, run by Doug Kalitta in 2004. The recorded data 
for this race are shown in Table 7.1, as well as the initial speed estimate. 
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d(ft) 
t(s) 
v (mph) 
0 
0 
9.02 
60 
0.852 
-
330 
2.120 
-
660 
3.004 
283.73 
1000 
3.758 
-
1320 
4.420 
328.22 
Table 7.1 Recorded data for the quickest-race-ever. Initial speed is an estimated value. 
Figures 7.1, 7.2 and 7.3 show the distance, speed, and acceleration for this race 
obtained by cubic splines interpolation and by simulation. The traction force at the rear 
tires, the resultant horizontal force, and the aerodynamic drag force are shown in Figure 
7.4. At the first part of the race, the resultant force is larger than the traction force due to 
the exhaust force. Figure 7.5 shows the powers due to traction, resultant, and drag forces. 
The power due to the resultant force is the power needed to accelerate the dragster. 
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Figure 7.1 Distance versus time for the quickest-race-ever. Race data ( o ) , and curves obtained by 
interpolation (solid line) and by simulation (dotted line). 
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Figure 7.2 Speed versus time for the quickest-race-ever. Race data (Q), and curves obtained by 
interpolation (solid line) and by simulation (dotted line). 
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Figure 7.3 Acceleration versus time for the quickest-race-ever. Curves obtained by interpolation (solid 
line) and by simulation (dotted line). 
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Figure 7.4 Forces versus time for the quickest-race-ever. Traction force (0) , resultant force (solid line), 
and drag force (dotted line). 
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Figure 7.5 Power components versus time due to: traction (O), resultant (solid line), and drag (dotted line) 
forces for the quickest-race-ever. 
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Engine, drive-train and clutch powers are shown in Figure 7.6. The engine power is 
delivered by the engine and was calculated for 100% efficiency in the drive line. 
Considering losses, actual engine power is greater than the values shown in the graph. 
Before full clutch engagement, the drive-train consists of all the elements from the clutch 
output to the rear tires. The engine is not included since its angular speed is different than 
the clutch output speed. After full clutch engagement, both angular speeds are the same, 
and the engine is included in the drive-train. After this point, the drive-train and engine 
power levels are the same, i.e., engine power is driving the whole drive-train (engine 
included). The clutch power denotes the power dissipated due to sliding in the clutch 
before full engagement. 
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Figure 7.6 Engine (0) , drive-train (solid line), and clutch (dotted line) power components in the drive line 
versus time for the quickest-race-ever. 
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As shown in Figure 7.6, engine power has a peculiar form. During launching and the 
first part of the race the fuel is fed at a reduced rate and the timing is being reduced for a 
short period. This results in a reduced power, which is needed for several reasons. During 
launching, the high torque twists the sidewalls of the rear tires, and if the torque is not 
reduced it may cause them to deform too much to the extent that a violent shake will 
occur. Also, if the traction capability of the track is not good enough, a high torque would 
make the tires to start spinning. Finally, if the traction capability of the track is good 
enough, a high torque may make the front tires to lift off the ground (blow over). In all 
cases the race is lost. After some time, the fuel flow rate is gradually increased as well as 
the timing, until full flow rate is reached and the engine is delivering maximum power. 
After this point, the fuel flow rate is again reduced and the engine power falls [6, 66]. In 
the particular race analyzed here, the engine power falls too much at the end of the race 
because something improper occurred there, since the acceleration is negative in that part 
of the race (see Fig. 7.3). 
The peak engine power is approximately 10400 hp (without considering losses), 30% 
greater than the maximum estimated power of 8000 hp. Considering the fuel 
consumption and the energy per pound that can be obtained from it (nitromethane), it can 
be shown that the dragster engine can deliver more than 11500 hp. For the race analyzed 
herein, the average engine power is 7300 hp. 
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7.2 Effect of aerodynamics 
In order to investigate the effect of the aerodynamics on the car performance, the lift 
coefficients of the rear and front wing were varied. The results are shown in Table 7.2, 
where the lift coefficients were normalized to one for comparison. 
Rear 
wing 
1.00 
1.00 
0.90 
0.80 
0.70 
Front 
wing 
1.00 
0.95 
0.87 
0.80 
0.72 
Front 
lifting 
off (in) 
0.21 
5.90 
5.45 
5.63 
5.38 
d(ft) 
1320 
1320.4 
1327.9 
1333.3 
1307.4 
V 
(mph) 
328.3 
328.5 
332.6 
336.1 
333.0 
At(s) 
-0.001 
-0.016 
-0.027 
+0.026 
Table 7.2 Effect of aerodynamics on performance. 
Shown in the first row are the results with the original coefficients. For the next rows 
the front wing coefficient was adjusted for each rear wing coefficient, allowing a 
maximum front lift off the ground of six inches. The table shows the distance and final 
speed for each combination. As it can be seen, a 20% reduction in the lift coefficients for 
both wings produces the best performance. In the last case (0.70-0.72 combination), there 
is not enough down-force and the tires begin to slip. The last column shows the 
corresponding reduction in the race elapsed time. For the case with best performance, an 
elapsed time of 4.393 s (4.420-0.027) can be obtained. 
7.3 Effect of engine initial torque 
If the track has a good traction capability, then the engine initial torque can be increased 
in order to have a high initial acceleration. Table 7.3 shows the effect of increasing initial 
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torque, where the torque values were normalized to one for comparison. After launching, 
the torque increment was linearly reduced to zero during one second, and the torque 
continues with its original values after this point. 
Torque at 
launching 
1.00 
1.05 
1.10 
1.15 
1.17 
1.18 
d(ft) 
1320 
1330.7 
1341.1 
1351.7 
1355.9 
1019.9 
v (mph) 
328.3 
329.0 
329.8 
330.5 
330.8 
284.9 
At(s) 
— 
-0.022 
-0.044 
-0.065 
-0.074 
+0.718 
Table 7.3 Effect of engine initial torque on performance. 
The best performance was reached with a 17% increment in initial torque, leading to 
an elapsed time of 4.346 s (4.420-0.074). Of course, the feasibility of this result depends 
on the limit of traction capability of the track and the onset of tire shaking. Also, as it can 
be seen in Table 7.3, a small increment in initial torque after this point leads to a sliding 
condition at the rear tires with a corresponding drop in the car performance. 
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Chapter 8 
Closure 
The National Hot Rod Association (NHRA), and the International Hot Rod Association 
(IHRA) have made available recorded data for a select number of races. These data 
comprise time measurements at 0, 60, 330, 660, 1000, and 1320 ft, as well as middle and 
final speed. By cubic splines interpolation of these data, the position, speed and 
acceleration curves versus time can be obtained. In the case of the acceleration curves of 
modern top fuel dragsters obtained by this method, it is observed an odd behavior. Since 
generally the error of the interpolation increases with the order of the derivative of the 
interpolated function, and since the acceleration is represented by linear segments using 
cubic splines, the question about the validity of the use of this interpolation scheme was 
raised. Thus, several interpolation and one approximation schemes were used to analyze 
recorded data of actual races. This analysis has shown that the acceleration curves 
behavior is real, and not an effect of the interpolation method used. This is quite 
important, since the forces acting on the dragster, and the power developed by the engine 
are both functions of the speed and the acceleration. 
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A critical component of the dragster is the rear tire. This tire has some characteristics 
that made it very special. It is a large diameter, large width, low inflation pressure tire. As 
the angular speed of the tire increases, its stiffness increases about five times. This helps 
these tires to support the large load applied on them at high speed, which is 
approximately 8000 lb. This variation of the rear tires stiffness with their angular speed 
was included in the analysis presented in this work. 
The other important effect of these tires is that their diameter is not constant, but 
increases with the angular speed, and their width is decreasing. Considering the angular 
momentum equation, an equivalent mass moment of inertia of the rear tires was obtained. 
This moment of inertia is a function of the angular speed. The model not only considered 
the instantaneous radius of the tires, but the rate of deformation was also taken into 
consideration. In this way, the torque applied to the rear tires, and the angular 
acceleration produced on them, were related by the simple equation T = Ieqa, as in the 
case of a rigid body. 
Since the configuration of the rear tires is changing during the race, virtually the car 
has different tires at each instant of time. And to add to the complexity of the problem, 
the range of speed is enormous, from zero to 330 mph, as well as the load on the tires, 
from 1700 to 8000 lb. And, since all this happen in less than 4.5 seconds, the rear tires are 
subject to an abrupt transient. Incorporating all these effects in a model is a difficult task. 
Thus, a simplified model of the traction characteristics of the dragster rear tires was 
developed. With this model, the traction is calculated as a function of the slip ratio and 
the speed. 
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To reproduce, analyze, and increase the performance of a top fuel dragster, a 
dynamic model of the car was developed in this work. This is a 2D model for the analysis 
of the car dynamics in the vertical plane, obtained using the Newton-Euler approach. The 
model involves a set of nonlinear, coupled differential equations of motion, which were 
numerically integrated using a digital computer. The simulation results show that the 
model captured to a significant degree the dynamic behavior of the dragster. They also 
suggest that a reduction in the elapsed time during a race can be possible under 
appropriate conditions. 
The resulting engine power (Fig. 7.6) qualitatively behaves as described by crew 
chiefs [6, 66]. The peak engine power is in the 10000-11000 hp range, with an average 
power in the 7000-8000 hp range. 
Regarding the results of the quickest-race-ever, Table 7.2 shows that an aerodynamic 
improvement is possible if the rear and front wings are adjusted to reduce their lift 
coefficients. This adjustment can be done if the front lifting off, which occurred near the 
330 ft mark was initially small, and should be stopped until a safe limit is reached. It is 
assumed here that a six inches limit is a good value, but racing teams must set this limit. 
In a similar manner, Table 7.3 indicates that an improvement in performance can be 
achieved if the engine initial torque is increased. Clearly, in this case the front lifting off 
at launching and the tire shake are the limiting factors, as well as the sliding condition at 
the rear tires that can occur with a high initial torque. 
Finally, the proposed model can be used to improve the aerodynamics, the engine 
and clutch set-ups of the car, and to possibly facilitate the redesign of the dragster. This 
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model can be adapted to perform analyses of other types of drag racing vehicles, such as 
pro-stock cars and motorcycles. Used in conjunction with accurate and more complete 
data available to racing teams, the model can be quite useful in improving the 
performance of current top fuel dragsters and "funny" cars. 
Regarding the ideas for future work, some of them are listed below. The simplified 
model of the engine used here can be enhanced. In this way the engine dynamics can be 
incorporated in the dynamic model of the car. Due to the lack of information regarding 
clutch parameters, it was not possible to model it. More research is needed to collect 
clutch data and to build a clutch model. 
A model to calculate the dynamic stiffness of the rear tires can be developed. In this 
case, the elastic properties of the tires are needed. And the model for the traction of the 
rear tires can be made more elaborate. In particular, an effort must be done to incorporate 
tire transient models into the rear tires model. Also the model to calculate the mass 
moment of inertia of the rear tires is subject to improvements, taking into consideration 
the actual geometry of the tires, and a more real distribution of displacements inside the 
tires. 
The dragster design can be improved. Thus, an optimization and sensitivity study can 
be done. The best fuel flow rate can be determined, as well as the best aerodynamic 
parameters. 
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